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Fundamental Thermodynamic And Kinetic Insights
Abstract
Understanding the fundamental polymer physics and science that govern NP dispersion inside of PNCs
remains one of the most important challenges in the field of macromolecules. Perhaps even more
importantly, the investigation of structure-property relationships of different PNC morphologies is even
more nascent, particularly in niche fields such as solid polymer electrolytes or in gas transport
membranes. While many fundamental studies have shed light onto this area of research and have
achieved highly reproducible results (e.g., phase behavior in athermal PNCs), it is clear that considerable
improvements remain to be exploited. This thesis contributes to these important topics, with the first
being the exploration of strategies that can be used to manipulate the phase behavior (i.e., miscibility
windows) of binary and ternary PNCs. Traditional strategies to control the dispersion state of grafted NPs
in a polymer matrix include the manipulation of one or more of four main variables, including the grafting
density of the polymer brush, the degree of polymerization of the brush, the degree of polymerization of
the matrix, or the Flory-Huggins interaction parameter. This thesis however develops a new method.
Through the addition of a ternary component (PMMA homopolymer) to a binary PNC, changes in NP
miscibility are achieved through interfacial compatibilization between the grafted NP (PMMA-NP) and
matrix polymer (SAN). Through these thermodynamic insights, the interplay between surface enrichment,
phase separation, and wetting in thin film PNCs and the unique morphologies that can be created are
investigated. When PNC films are annealed in the one-phase region of the phase diagram, surface
enrichment of the lower surface energy component (PMMA-NP) occurs, with a homogeneous distribution
remaining in the bulk of the film. Upon quenching into the two-phase regime, wetting and phase
separation occur simultaneously. This leads to the development of a tri-layer structure, with two
symmetrical PMMA-NP rich wetting layers sandwiching a SAN rich phase containing PMMA-NP pillars
(e.g., columns) that span the two wetting layers. Importantly, several structure-property relationships are
investigated in which PNCs take advantage of the ‘jammed’ morphologies, including enhanced
mechanical properties, increased thermal stability, structural color applications, among others
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ABSTRACT
THE RATIONAL DESIGN OF POLYMER GRAFTED NANOPARTICLE
COMPOSITES: LEVERAGING FUNDAMENTAL THERMODYNAMIC AND
KINETIC INSIGHTS
Shawn M. Maguire
Russell J. Composto

Understanding the fundamental polymer physics and science that govern NP
dispersion inside of PNCs remains one of the most important challenges in the field of
macromolecules. Perhaps even more importantly, the investigation of structure-property
relationships of different PNC morphologies is even more nascent, particularly in niche
fields such as solid polymer electrolytes or in gas transport membranes. While many
fundamental studies have shed light onto this area of research and have achieved highly
reproducible results (e.g., phase behavior in athermal PNCs), it is clear that considerable
improvements remain to be exploited.
This thesis contributes to these important topics, with the first being the
exploration of strategies that can be used to manipulate the phase behavior (i.e.,
miscibility windows) of binary and ternary PNCs. Traditional strategies to control the
dispersion state of grafted NPs in a polymer matrix include the manipulation of one or
more of four main variables, including the grafting density of the polymer brush, the
degree of polymerization of the brush, the degree of polymerization of the matrix, or the
Flory-Huggins interaction parameter. This thesis however develops a new method.
Through the addition of a ternary component (PMMA homopolymer) to a binary PNC,
viii

changes in NP miscibility are achieved through interfacial compatibilization between the
grafted NP (PMMA-NP) and matrix polymer (SAN).
Through these thermodynamic insights, the interplay between surface enrichment,
phase separation, and wetting in thin film PNCs and the unique morphologies that can be
created are investigated. When PNC films are annealed in the one-phase region of the
phase diagram, surface enrichment of the lower surface energy component (PMMA-NP)
occurs, with a homogeneous distribution remaining in the bulk of the film. Upon
quenching into the two-phase regime, wetting and phase separation occur simultaneously.
This leads to the development of a tri-layer structure, with two symmetrical PMMA-NP
rich wetting layers sandwiching a SAN rich phase containing PMMA-NP pillars (e.g.,
columns) that span the two wetting layers. Importantly, several structure-property
relationships are investigated in which PNCs take advantage of the ‘jammed’
morphologies, including enhanced mechanical properties, increased thermal stability,
structural color applications, among others.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
Polymeric materials are a class of material that play a very important role in all
aspects of our life due to their tremendous range of applications that far exceed that of
any other class of material currently available. This is in part due to their ease of
processibility, but also to their expansive customizability. As such, they have become one
of the most processed materials each year, reaching manufactured quantities close to 100
million tonnes for a single polymer alone.1 To demonstrate their customizability, we can
look at a common polymer, polyethylene (composed of repeating ethylene monomers),

Figure 1.1. Monomer repeat unit for (a) polyethylene and (b) polyvinyl chloride. (c,
d) Corresponding applications of both polymers, including plastic shopping bags and
piping materials, respectively. Figures (c) and (d) were taken from references 2 and 3.
1

that is crystalline, translucent, and thermoplastic. It is commonly used in packaging,
coatings, or molded parts. The chemical structure of polyethylene, shown in Figure 1.1a,
has a hydrocarbon backbone. Interestingly, if a single hydrogen within the ethylene
monomer is replaced with a chlorine atom, vinyl chloride is produced. When
polymerized, this turns into polyvinyl chloride (PVC), a hard, tough, thermoplastic
material (Figure 1.1b). To put this into perspective, the replacement of a single atom
along the polymer backbone has the potential to change the material properties, as well as
the resultant applications, from plastic shopping bags (high-density polyethylene, Figure
1.1c) to pipes used in plumbing and drainage systems (polyvinyl chloride piping, Figure
1.1d).2,3 Current applications on polymers extend well beyond these two examples,
including adhesives, coatings, foams, and packaging materials as well as industrial fibers,
composites, and electronic, optical, magnetic and biomedical devices. Therefore, the
continuous development of functional polymers, including block copolymers, stimuli
responsive polymers, and polymer nanocomposites (PNCs), among others, is the key to
the development of high-performance, cost-effective materials that can revolutionize
future technologies. Section 1.2 briefly reviews one of these functional polymers,
specifically, polymer nanocomposites. A more complete discussion is then provided in
Chapter 2 of this dissertation. Since their inception, PNCs have shown tremendous
promise for the creation of a new class of synergistic material with a great potential for
future applications.

2

Figure 1.2. Schematic showing that the combination of organic polymers and
inorganic fillers results in a new class of synergistic material, polymer
nanocomposites.
1.2 Polymer Nanocomposites
Polymer nanocomposites (PNC) are a combination of nano-scale inorganic fillers
and a polymer matrix (see Figure 1.2). Since the material properties of a PNC can be
broadly tuned, thanks to the large number of combinatorial options for combining
polymers and nano-filler, they have attracted great scientific interest. After decades of

Figure 1.3. (Top row) Examples of synthesizable nanoparticles of different
geometries, chemistries, and dimensionalities. (Bottom row) Examples of different
polymer architectures that vary along their backbone and pendant groups. Note:
nanoparticle images were taken from references 4-6.
3

inorganic synthesis and organic chemistry, scientists now have access to a large library of
polymers of all different architectures, chemistries, glass transition temperatures, etc. as
well as inorganic nano-fillers of different dimensionality, chemistry, and sizes. To
highlight a few examples, Figure 1.3 shows a series of nanoparticles4–6 (top row) that
vary in both shape and chemistry as well as polymer architectures (bottom row) that vary
along their backbone and pendant groups. While this is just a small set of examples, the
number of permutations available for this subset of examples is large, highlighting the
customizability of PNC materials.
The customizability of PNCs has led them to a broad list of applications,
including improving the permeability and selectivity of gases in PNC based
membranes,7–10 incorporating inorganic nanofillers into a polymer matrix to enhance the
mechanical and physical properties of PNCs,11–18 as well as adding nanoparticles (NP) to
a spinodally decomposing polymer mixture to arrest the morphology and create
bicontinuous particle-stabilized emulsions (i.e., bijels), materials that lend themselves to
drug delivery, filtration, or even electrodes for batteries.19–28 Even more recently,
applications include self-healing interfaces and surfaces,29 hierarchical structured 3-D
nanocomposites for plasmonic applications,30 and nanoparticle surface-enriched polymer
composite scaffolds to promote bone repair.31 While it is clear that PNCs have
tremendous potential, it is often difficult to achieve such success since the properties of
the PNC are directly correlated with the spatial distribution of the nano-fillers within the
polymer host, which is dictated by the overall phase behavior and kinetics of formation of
the nanocomposite. For support, we look to several pieces of literature.
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Ojha et al. previously fabricated grafted NP composites with extremely high
inorganic filling fraction using a system of poly(styrene-ran-acrylonitrile) (SAN) grafted
silica NPs embedded within a poly(methyl methacrylate) (PMMA) matrix.32 The
favorable interaction between grafted polymer chains and the polymeric host facilitated
thermodynamically stable and uniform particle dispersions across a wide compositional
range. Importantly, during tensile deformation of the PNC films, it was demonstrated that
the well-dispersed NPs impart remarkable improvements to the mechanical properties.
This was attributed to the PMMA matrix chains entangling with the particle fillers,
thereby acting as ‘tie-chains’, and forming long fibrils of polymers which are evident in
Figure 1.4a. Therefore, understanding the underlying thermodynamics of the PNC system
(i.e., dispersion state of the NPs) was crucial in the design of this material with enhanced
functionality.
Additionally, Xu et al. have been able to mimic the hierarchical nanosized
architecture of the biological material, nacre.33 Importantly, they find that through the
self-assembly of block copolymers and polymer-grafted nanoparticles confined between
parallel platelets, hierarchical structures with nanosized mineral bridges form that
connect neighboring platelets. The nanobridges functionally protect the organic polymer
by significantly reducing its stress levels. More importantly, the grafted nanoparticles
were found to respond to mechanical damage of the PNC and migrate towards and
assemble at faces of microcracks, imparting self-healing functionality to the material (see
Figure 1.4b). However, as one can imagine, the effectiveness of the self-healing
capability is directly correlated with the kinetics of the grafted nanoparticle. In other
5

Figure 1.4. (a) Combination of transmission electron micrographs, optical
micrographs, and a schematic illustration of the PNC system investigated by Ojha et
al. Importantly, the TEM micrograph and illustration reveal a uniform particle
distribution, leading to the formation of polymer ‘fibrils’ upon tensile deformation
because of matrix chain entanglement with the dispersed nanofiller. This image is
taken from reference 32. (b) Schematic illustration of the self-healing function of the
system developed by Xu et al. When a crack occurs in the organic layer, the
dispersed nanoparticles in the soft organic phase migrate towards the surfaces of
cracks and, in turn, repair the damage. This image is taken from reference 33.
words, understanding the diffusive behavior of the NPs relative to the timescale of crack
propagation is crucial for the development of effective PNC films.
Taken together, these results highlight the need to further our understanding of the
fundamental thermodynamics and kinetics that govern PNCs if the fabrication of next
generation polymer-based materials are to become a reality. As such, this thesis is
dedicated to the investigation of these complex phenomena. More specifically, it includes
the exploration of strategies that can be used to manipulate the phase behavior (i.e.,
dispersion state) of NPs within binary and ternary PNCs. Through the thermodynamic
6

insights (e.g., phase diagrams) gained in this thesis, investigation into the kinetics of PNC
formation is performed, with particular emphasis on the structures that result from the
complex interplay between surface enrichment, phase separation, and wetting within the
films.
1.3 Outline of the Thesis
Chapter 2 of this thesis provides the reader with the theoretical background
needed to understand and interpret the research presented herein. It begins with an
overview of the phase behavior of polymer blends, including the theory of spinodal
decomposition, wetting, and dewetting. Importantly, these three mechanisms are crucial
in the design of the functional PNCs discussed in Chapters 4 - 7. This is followed by a
discussion of the phase behavior of polymer grafted nanoparticle composites, and the
balance between several key experimental parameters that can lead to an array of
different morphologies. This is to highlight why the approach utilized in Chapter 4 is so
unique to the field of PNCs. Lastly, we review the governing mechanisms and
fundamental polymer physics concepts dictating nanoparticle dynamics in a variety of
polymer melts to provide context for the reader for Chapters 5 and 6.
In Chapter 3, details are provided that describe the experimental methods and
characterization techniques utilized in this thesis to investigate the thermodynamic and
kinetic behavior of the PNCs. It begins with an introduction of the materials used
throughout the dissertation, including topics such as the constituent glass transition
temperatures, molecular weights, and purification processes. Depending on the
experimental technique, PNC films were uniquely prepared and are described thoroughly
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in Chapter 3 (e.g., spin-coated on glass, silicon, or silicon substrates with sacrificial oxide
layers). Complementary techniques used to observe the structure of the PNCs as well as
determine PMMA-NP concentration profiles are described, including a brief working
overview of their operation.
Chapter 4 investigates binary and ternary nanocomposites of poly(methyl
methacrylate) grafted silica nanoparticles (PMMA-NP), in poly(styrene-ran-acrylonitrile)
(SAN), and poly(methyl methacrylate) matrices as a platform to directly probe governing
parameters guiding phase behavior and nanoparticle assembly in composite materials.
Through the addition of PMMA matrix chains similar in molecular weight to the grafted
PMMA chains but significantly smaller than the SAN matrix chains, we demonstrate that
nanoparticle miscibility in off-critical compositions is increased due to interfacial
segregation of PMMA matrix chains. Additionally, we derive a simple interfacial model
based on the pervaded volume of each constituent to use as a general guideline for
predicting the extent of compatibilization. Further insights on compatibilization behavior
are provided by polymer-particle pair correlation functions and structure factors obtained
using polymer reference interaction site model theory (PRISM) calculations as well as
polymer concentration profiles from molecular dynamics (MD) simulations. This study
serves as a guideline to facilitate PNC processing and design of materials, as well as
provide the thermodynamic insight needed to probe the PNCs in their one- and twophase regions to extract information regarding their structural development, kinetics, etc.
(see Chapters 5 and 6).

8

In Chapter 5, we investigate the surface enrichment of PMMA-NPs at the surface
of miscible PNC films based on previous investigations of homopolymer blends. The
previous studies have demonstrated that the surface composition and surface excess
(adsorbed amount) of the lower surface energy component of a miscible polymer blend is
often higher than the bulk. Herein, we utilize the binary phase diagram derived in Chapter
4 and anneal 25/75 wt.% PMMA-NP/SAN PNC films at 150°C for various amounts of
time and show that the PMMA-NPs densely grafted with PMMA exhibit analogous
behavior to linear homopolymers. Using a combination of atomic force microscopy,
transmission electron microscopy, and Rutherford backscattering spectrometry, the
evolution of the grafted NP surface excess is monitored. The growth of the surface excess
of PMMA-NPs is interpreted as a competition between entropic constraints, surfaceenergy differences of the constituents, and the Flory-Huggins interaction parameter, χ.
Using analytical expressions derived for homopolymers blends, the extent of surface
enrichment is calculated and compared to the experimental values presented herein.
Having such control over the surface composition of a PNC is relevant for materials
requiring surface functionality that is decoupled from the bulk.
Akin to Chapter 5, Chapter 6 of this thesis utilizes the binary phase diagram
derived in Chapter 4 and investigates 25/75 wt.% PMMA-NP/SAN PNC films, but now
in the two-phase region of the phase diagram to investigate simultaneous wetting and
phase separation. By annealing above the lower critical solution temperature (LCST, 160
°C) of the PNC, we show that the wetting of polymer-grafted nanoparticles (NPs) in a
polymer nanocomposite (PNC) film is driven by a difference in surface energy between
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components as well as bulk thermodynamics, namely, the value of the interaction
parameter, χ. Atomic force microscopy studies show that the areal density of particles
increases rapidly and then approaches 80% of that expected for random close-packed
hard spheres. A slightly greater areal density is observed at 190°C compared to 170°C.
Preliminary experiments suggest that the PMMA-NPs prevent dewetting of PNC films
under conditions where the analogous polymer blend is unstable (see Chapter 7 for a
complete investigation). Transmission electron microscopy imaging show that PMMANPs symmetrically wet both interfaces and form columns that span the free surface and
substrate interface. Using grazing-incidence Rutherford backscattering spectrometry, the
PMMA-NP surface excess (Z*) is found to initially increases rapidly with time and then
approach a constant value at longer times. Consistent with the areal density, Z* is slightly
greater at deeper quench depths, which is attributed to the more unfavorable interactions
between the PMMA brush and SAN segments. The Z* values at early times are used to
determine the PMMA-NP diffusion coefficients, which are significantly larger than
theoretical predictions discussed in Chapter 2. These studies provide insights into the
interplay between wetting and phase separation in PNCs and we hypothesize that that
they can be utilized in nanotechnology applications where surface-dependent properties,
such as wettability, durability, and friction, are important.
Lastly, Chapter 7 utilizes the fundamental insights from Chapters 4, 5, and 6 to
fabricate PNC morphologies that have enormous potential for bio-inspired applications in
the hopes of making ‘next generation’ materials. By balancing the degree of surface
enrichment (Chapter 5), phase separation and wetting (Chapter 6) within the PNCs, the
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thin films undergo different stages of phase evolution, resulting in homogenously
dispersed systems at low temperatures (see Chapter 4), enriched PMMA-NP layers at the
PNC interfaces at intermediate temperatures (see Chapter 5), and three-dimensional
bicontinuous structures of PMMA-NP pillars sandwiched between two PMMA-NP
wetting layers at high temperatures (see Chapter 6). Using a combination of AFM, AFM
nanoindentation, water contact angle, and optical microscopy, we show that these selfregulated structures lead to nanocomposites with increased modulus, hardness, and
thermal stability compared to analogous PMMA/SAN blends. At the end, we highlight
additional structure-property relationships that can utilize the phenomena presented in
this study with support from recent work in literature.
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CHAPTER 2
THEORETICAL BACKGROUND

Content in this chapter was published in:
2020 in Bijels: Bicontinuous Particle-Stabilized Emulsions, United Kingdom, Royal
Society of Chemistry, 73-113, with authors Shawn M. Maguire, Hyun-Joong Chung, and
Russell J. Composto
2021 in Macromolecular Engineering: From Precise Synthesis to Macroscopic Materials
and Applications, 2nd Edition, United States, Wiley, with authors Michael J. Boyle,
Shawn M. Maguire, Katie A. Rose, Daeyeon Lee, and Russell J. Composto

2.1 Introduction
This chapter of the thesis provides the reader with the theoretical background
needed to understand and interpret the research presented herein. It begins with an
overview of the phase behavior of polymer blends, including the theory of spinodal
decomposition, wetting, and dewetting. Importantly, these three mechanisms are crucial
in the design of the functional PNCs discussed in Chapter 7. This is followed by a
discussion of the phase behavior of polymer-grafted nanoparticle composites, and the
balance between several key experimental parameters that can lead to an array of
different morphologies. This is to highlight why the approach utilized in Chapter 4 is so
unique to the field of PNCs. This chapter concludes with a review of the governing
mechanisms and fundamental polymer physics concepts dictating nanoparticle dynamics
in a variety of polymer melts to provide context for the reader for Chapters 5 and 6.
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2.2 Phase Behavior of Polymer Blends
Equilibrium thermodynamics predicts whether polymer blends are homogeneous
or phase-separate into a heterogeneous mixture. Four factors control phase behavior
including choice of monomers, molecular architecture, composition, and chain length.1
The choice of monomer determines the type and strength of interaction between intramolecular and inter-molecular segmental components, described by the Flory-Huggins
interaction parameter, .2 Negative and positive  values correspond to attractive and
repulsive segmental interactions, respectively. The molecular architecture represents the
configuration of the polymer chain and is classified according to chain connectivity (e.g.,
linear or branched) and monomer sequence (e.g., homopolymer or block copolymer).
Composition is defined by the volume fraction, , of each phase, and the polymer chain
length characterized by the degree of polymerization, N.
The free energy of mixing, which describes the change in free energy difference
between the pure and mixed states, determines the phase behavior. For a binary mixture
of linear polymers, the Flory-Huggins theory gives the change in free energy per
segment, Gm, as
(2.1)
where kB and T are the Boltzmann constant and temperature, respectively, A is the
volume fraction of polymer A, and NA and NB are degrees of polymerization for polymers
A and B, respectively.1–3 The first two terms on the right-hand side of the equation
account for the combinatorial entropy of mixing, Sm. The third term represents the
enthalpy of mixing, Hm, which can either increase or decrease Gm depending on the
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sign of . In the original Flory-Huggins theory,  is proportional to (1 / T), and therefore
decreases monotonically with increasing temperature.1

In practice, however, this

prediction mostly fails, and equation-of-state corrections to  are required.4 Specific
interactions between monomers may lead to nonrandom segment packing that imposes an
excess entropy of mixing contribution to .5 The excess is usually accounted for by the
empirical relation
(2.2)
where α and β represent experimentally determined excess entropy and enthalpy
coefficients. In general, α and β are not necessarily constants and may depend on , N, T,
and molecular architecture.
The phase behavior of a polymer blend can be predicted from Eq. (2.1). At
constant temperature and pressure, the phase equilibrium composition, the stability limit,
and critical point are described by:
Equilibrium:

(2.3)

Stability:

(2.4)

Criticality:

(2.5)

where A’ and A” refer to the compositions of coexisting phases.6 Figure 2.1 shows an
ideal phase diagram for symmetric polymer blends, NA = NB = N. The solid and dashed
curves represent equilibrium (metastable; eq. (2.3)) and stability (spinodal; eq. (2.4))
conditions, respectively. A’ and A” have the same chemical potential values, which are
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lower than that of , where A’ <  < A”. Thus, for combinations of N and  within the
spinodal (a’) and binodal (b’), a homogeneous mixture separates into two phases with
compositions A’ and A”. Between the solid and dashed curves, a homogeneous mixture
is thermodynamically metastable, thus a nucleation site is required to induce phase
separation. Inside the dashed curve, on the other hand, a mixture is thermodynamically
unstable and the homogeneous mixture spontaneously demixes via spinodal
decomposition. At the critical point [c, (N)c], the equilibrium and stability curves
coincide.
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Figure 2.1. Theoretical phase diagram for a symmetric (NA = NB = N) binary mixture
of linear homopolymer mixtures. On the equilibrium curve (solid), two phases with
compositions A’ and A” coexist. A polymer blend quenched from a to a’ becomes
unstable and then spontaneously phase separates by spinodal decomposition. When
quenched from b to b’ phase separation occurs by nucleation and growth.
The temperature dependence on the phase diagram can be obtained by combining
eqs. (2.1) – (2.5). Some polymer blends phase separate on heating from one phase region
while others phase separate on cooling. For example, if α is negative and β is positive in
eq. (2.2), a decrease in temperature will increase . Under these conditions, the phase
diagram is concave down for a phase diagram of  versus T, which represents an upper
critical solution temperature (UCST) behavior. If α is positive and β is negative, the
phase diagram is concave up, which is a lower critical solution temperature (LCST)
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behavior. When α and β are in a complex functional form with respect to T, both UCST
and LCST can coexist and a closed-loop phase diagram can result.7
2.2.1 Spinodal Decomposition
In spinodal decomposition, a thermodynamically unstable system spontaneously
separates into two phases. Immediately after quenching into the spinodal regime (Figure
2.1), a previously homogeneous system undergoes compositional fluctuations with a
dominant wavelength (early stage), an amplification of these fluctuations (intermediate
stage), and finally the formation of distinct phases with sharp interfaces (late stage). In
this late stage, the local compositions of each domain correspond to those of the two bulk
phases in coexistence.

Binary polymer mixtures with symmetric or asymmetric

compositions form bicontinuous or discrete structures, respectively, which continue to
evolve to reduce interfacial area. Thus, domain size and patterns of polymer films can be
controlled by tuning the thermodynamics and growth kinetics underpinning spinodal
decomposition.
Stages of spinodal decomposition
Spinodal decomposition is a spontaneous process of phase separation induced by
fluctuations without nucleation. When (2G / A2) < 0, the fluctuations can be induced
by many factors, but usually thermal fluctuations dominate. The characteristics of the
dominant fluctuation are determined by a competition between two factors: (i) Large
wavelength fluctuations that grow slowly because molecules have to diffuse over large
distances, and (ii) small wavelength fluctuations that are suppressed because a large
interfacial area costs a significant enthalpic penalty.8 Consequently, one characteristic
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wavelength,  (t), drives the formation of uniform domains, which grow with time
throughout the system. The existence of one characteristic length scale is the first
assumption of the dynamic scaling hypothesis.9
Phenomenologically, spinodal decomposition develops as three distinct periods
corresponding to early, intermediate, and late stages, as shown in Figure 4.3. During the
early stage, domain size is constant, and the amplitude grows with a fixed wavelength,

m. As the amplitude increases, the compositions approach the equilibrium coexisting
compositions. During the intermediate stage, the domain size starts to grow and the
interface between phases becomes well-defined with a finite thickness, w(t). During the
late stage, the interfacial width sharpens and approaches its equilibrium value, weq,
whereas domain size continues to grow.

Figure 2.2. Schematic of the composition profiles in a polymer blend during the
early, intermediate, and late stages of spinodal decomposition.
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2.2.2 Wetting
Wetting at the air/polymer, substrate/polymer, and nanoparticle/polymer
interfaces plays an important role in polymer blend and nanocomposite films due to their
individual unique interfacial affinities. Because preferential wetting attracts one of the
components to the substrate or free surface in a film, the transient and final morphologies
are perturbed by flow driven wetting. Wetting also plays an important role in directing
nanoparticle assembly in phase separating polymer blends. Thermodynamically, the
wetting of an A-rich phase in a phase separating binary blend (A:B) placed in contact
with a substrate (or free surface) is characterized by the spread coefficient10
(2.6)
where SB, SA, and AB are the interfacial tensions between the substrate and B-rich
phase, the substrate and A-rich phase, and the A-rich and the B-rich phases, respectively.
For partial wetting, a finite contact angle,, is expected for an equilibrium morphology of
a phase-separated blend where  is given by
(2.7)
In theory, infinite wetting layer growth is expected for complete wetting, i.e.   0, of an
infinitely thick sample. The complete wetting occurs near the critical point, i.e. a shallow
quench depth.10,11 At deep quenches, a finite wetting layer thickness is expected. In
practice, however, the experimental confirmation of the complete to partial wetting
transition in polymer blends is still in debate mostly due to the slow dynamics of polymer
blends.12

Macroscopically thick wetting layers are commonly found for deep

24

quenches.12,13 However, it is still questionable whether this macroscopic wetting layer is
transient or at thermodynamic equilibrium.
Figure 2.3 shows possible examples of equilibrium morphologies for phase
separating polymer blend films on a substrate.

Assuming that the A-rich phase is

preferred at the top surface, six equilibrium morphologies can be hypothesized: (a) Aand B-rich phases completely wet the surface and the substrate, respectively, (b) A-rich
completely wets both surfaces whereas B-rich is located in the middle, (c) A-rich
completely wets the surface whereas B-rich partially wets the substrate, (d) A-rich
completely wets both surfaces and B-rich forms discrete droplets, (e) both A- and B-rich
dewet from substrate, and (f) A-rich partially wets the surface and B-rich completely wets
the substrate. Among the hypothesized morphologies, (a) and (b) are not likely to be
stable due to the large interfacial area between A- and B-rich phases. These stratified
morphologies tend to rupture by a dewetting process, in part due to the high interfacial
energy between A and B phases. Morphologies (b) and (d) have been observed during
early and late stages, respectively.14,15 Besides the six suggested equilibrium
morphologies, transient morphologies can also form because of the kinetic competition
between phase separation, wetting, and dewetting. These morphologies may persist for a
long time or even become trapped in this metastable state if is no direct kinetic route
towards equilibrium exists.
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Figure 2.3. Examples of morphologies of polymer blend films demonstrating how the
interplay between phase separation, wetting, and dewetting can produce different
structures.

2.2.3 Dewetting
Dewetting is a process in which a drop or a film of liquid retracts over a solid or
liquid substrate. Because of its technological importance, dewetting has been extensively
studied and many theories are available for various thin films systems, such as a liquid
film on a solid substrate,16,17 a liquid film on another liquid film,18–20 a solid film on
another solid substrate,21 or an embedded liquid film between a liquid film and a solid
substrate.12 In this section, the simplest example of a polymer film on a silicon substrate
is reviewed to introduce the key concepts underlying dewetting.
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A polymer film on a silicon substrate is stable when the spreading coefficient
S =  SA −  SP −  PA

is positive, where SA, SP, and PA are interfacial tensions between

substrate and air, substrate and polymer, and between polymer and air, respectively.
Otherwise, the film may dewet from the substrate and form droplets with an equilibrium
contact angle, , given by Young’s equation

cos  = (  SV −  SP ) /  PV

.16 Dewetting in films

occurs by the formation of holes and their growth. At some point in the growth, holes
coalescence and form a hexagonal array of droplets on the substrate. Film rupture is
caused by two mechanisms: (i) Nucleation of holes initiated by defects, such as dust, or
(ii) spontaneous amplification of capillary waves, called spinodal dewetting.22
Analogous to spinodal decomposition of polymer blends described in eq. (2.4), capillary
waves are amplified when the second order derivative of the excessive interface potential
with respect to thickness, (2F / d2), is negative. The excessive interface potential, F,
can be constructed using a pure van der Waals potential of the form
(2.8)
where AS/P/A is the Hamaker constant for a polymer film sandwiched between air and
substrate. This constant represents the long-range van der Waals force between air and
substrate, which effectively squeezes the polymer film if AS/P/A is positive.23 However, a
short-range interaction between the polymer and substrate can stabilize very thin films.
Therefore an arbitrary model potential can be defined as17
(2.9)
where c represents the strength of the short-range interaction. Because of this short-range
interaction, dewetted holes are always covered by a very thin residual polymer film of
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thickness ~ 1 nm.17 Silicon substrates are usually covered with an oxide layer of a few
nanometers thick. Therefore, the excess interface potential can be expressed as17
(2.10)
where subscripts SiO and Si represents silicon oxide and silicon, respectively, and dSiO is
the thickness of the oxide layer.
In the case of spinodal dewetting, (2F / d2) < 0, the dominant wavelength of
fluctuation, m, and dewetting initiation time, m, are given by22
,

(2.11)

and
.

(2.12)

These equations have the following implications. First, the dominant wavelength of
spinodal decomposition can be quantitatively predicted and scales with d2. Thus, the
spinodal dewetting process can be utilized to produce periodic patterns.24 Second, thick
films are less prone to dewet and their stability increases sharply with thickness as d5.
Therefore, a quantitative understanding of dewetting phenomena provides important
solutions to various technologically relevant issues.
2.3 Phase Behavior of Polymer Grafted Nanoparticle Composites
Polymer nanocomposites (PNC), which are a combination of nano-scale organic
and inorganic fillers and a polymer matrix, have found great scientific interest due to the
fact that the material properties of the PNC are largely determined by the chemical
composition of the polymer as well as the type of NP.25–27 Their customizability has led
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PNCs to a broad list of applications, ranging from adding gold nanorods (AuNR) to
coatings for tunable optical properties28,29 and using poly(methyl methacrylate) grafted
silica NPs to create membranes with increased gas permeability.30–32 Since the bulk
material properties of the composite are directly correlated with the spatial distribution
and orientation of the nanoparticles within the polymer matrix,33–38 the phase behavior of
these PNCs has attracted considerable attention.39–45 While the fundamental science
governing the phase space of polymer blends is mature, a significant lack of
understanding of the thermodynamics underlying the mixing/demixing behavior of these
nanocomposites remains due to the many parameters involved and few studies present in
literature. By understanding the variables that control the distribution and orientation of
NPs, a wider range of nanocomposite structures with tailorable properties could be made
accessible.
There are relatively few systematic studies of the entire thermodynamic parameter
space that govern polymer nanocomposites. Consequently, it is important to consider the
most understood case first, adding bare spherical nanoparticles in an athermal polymer,
and build our knowledge from there. It is well accepted that bare NPs exhibit a strong
tendency to aggregate due to van der Waals and depletion interactions.25 Here, we define
depletion interactions as an effective attractive force that arises between large particles
(

) dispersed within a polymer matrix with a radius of gyration (

the size of the particles (i.e.,

much smaller than

. The origin of this attractive force stems from a

restricted region surrounding each nanoparticle in which the centers of the polymer
chains cannot occupy. When these large particles approach one another, the restricted
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volume decreases, and the free volume available to the polymer chains increases. This
increases the entropy of the system, which in turn lowers the systems overall free energy,
resulting in particle-particle aggregation. For large particles, depletion interactions
dominate, but have less of an influence as the particles become comparable in size to the
matrix chains. Interestingly, Hore et al. have shown that depletion-attraction forces can
be utilized to create PNCs with precise nanorod alignment for tuning optical
absorption.28,46,47
Unlike depletion-attraction forces, Van der Waals interactions are always present,
and result from instantaneous dipoles within the atoms of the nanoparticle. For two
spherical nanoparticles, the total van der Waals interaction potential can be expressed as
U(x) = -AHR/6x where AH is the Hamaker constant, R is the radius of the particle, and x
is the interparticle center-to-center distance.25 When integrating the potential energy over
the particles entire volume, taking into account each interaction, it becomes evident that
the total van der Waals attraction is rather long-range. These interactions begin
dominating other forces, such as depletion interactions, as the radii of the nanoparticle
decreases. Therefore, it is not surprising that in most polymer nanocomposites,
nanoparticles exhibit a strong tendency to aggregate. Even in systems where these
aggregates do not form immediately, aging and other kinetic factors eventually lead to
phase separation and ultimately, aggregation of the particles. Consequently, a reliable
method to stabilize nanoparticles within a polymer matrix is critically important. For
example, nanoparticle aggregation during diffusion would confound interpretation of
diffusion coefficients measured by single particle or ensemble methods.
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To overcome the aforementioned attractive forces, researchers have used various
approaches to improve particle dispersion, including electrostatic repulsion, external
fields during processing, and polymer grafted brushes. The ladder case has been
demonstrated by many researchers,48–52 who showed that in order to screen such
interactions and achieve uniform dispersion, polymer chains of the same chemical
composition as the matrix chain can be chemically grafted to the surface of the NPs. The
phase behavior of these grafted nanoparticles is highly dependent on the synthetic route
in preparing such particles, which controls polymer grafting density on the nanoparticle
surface. Kumar et al. have shown that in the relatively low grafting regime, NPs exhibit
self-assembly into highly anisotropic structures including spherical aggregates, sheets,
strings, and clumps, depending on the relative grafted (N) and matrix (P) chain lengths
and grafting density ( ) (Figure 2.4).53–55 In contrast, particles with a high grafting
density were shown to be governed by the interaction between the brush layer and free
host chain and led to miscibility based solely on the ratio of matrix chain length
(P)/grafted chain length (N).25 For spherical nanoparticles, the onset of aggregation
occurs at a P/N ratio greater than 1.4, which is higher than the P/N of ~1 for planar
surfaces. Intuitively, this makes sense. Due to the curvature of the particles, the effective
volume available for the matrix chains at the grafted chain free-ends is greater than in the
case of planar brushes. This allows for the matrix chains to interdigitate with the grafted
chains more readily, increasing the entropy of the system. As a result, the onset of phase
separation requires longer matrix chains for the same grafted chain lengths.
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Figure 2.4. A nanocomposite morphology diagram depicting the anisotropic
structures formed by nanoparticles as a function of grafting density (σ) and the ratio of
matrix (P)/grafted (N) chain lengths. Here, α = N/P. Adapted from reference 53 with
permission from the American Chemical Society.

While the parameter space governing the athermal systems is well-understood,
polymer nanocomposites with chemically distinct graft and matrix chains have received
less attention both theoretically and experimentally. Here, the miscibility is much more
complex
(

due

to

the

addition

of

the

Flory-Huggins

interaction

parameter

), which characterizes the pairwise interactions between brush and

matrix chain indicating if there is a net repulsion or net attraction within the composite.
Borukhov et al.56 have computationally studied polymer nanocomposites where

,

which favors mixing between brush and matrix chains and leads to particle dispersion at
P/N ratios greater than 1.4. Chao et al.57 and Koski et al.58 demonstrated that grafted NPs
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in a chemically unfavorable matrix (

will phase separate, even for

.

While a thorough coverage of the intricate balance between parameters governing grafted
nanoparticle assembly in composite materials is outside the scope of this chapter, the
interested reader is directed to read several key pieces of literature on the topic by Kumar,
Winey, Green, Hore, Jayaraman and others.25,59–66
2.4 Dynamics of Nanoparticles in Polymer Nanocomposites
The concept of diffusion is easily understood through examples that occur in daily
life. Examples include the smell of perfume (or air freshener, freshly brewed coffee, or
just about any strongly scented substance) or the dropping of food coloring into a glass of
water. In the case of spritzed perfume, the aroma (small molecules) diffuses from a
localized region into the surrounding area over time, and eventually becomes uniformly
dispersed without the need of air circulation or wafting. A question that one might ask is:
why? In the case of gases and liquids, molecules move randomly from place to place in
small increments due to collisions with the medium in which it diffuses. This
phenomenon is called Brownian motion and is dependent on several important factors;
including the temperature, the number and size of the species, and the viscosity of the
medium. In many soft matter applications, the diffusion and kinetics of formation are
critically important processes to understand in order to design and fabricate functional
materials. Additionally, many important experimental techniques such as microrheology,
dynamic light scattering (DLS), and pulse-field gradient nuclear magnetic resonance
(NMR) rely on accurate diffusion relationships to measure experimental parameters.67–71
Therefore, the topics discussed herein are essential. However, before explaining the more
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complex phenomena of nanoparticle diffusion in polymer melts, it is important to first
understand the basics of diffusion by describing the classical case of a spherical object
undergoing Brownian motion through a Newtonian fluid.
2.4.1 Stokes-Einstein Diffusion
Recalling the perfume example, we can begin to quantify this basic diffusion
process by tracking the amount of time it takes for the fragrance molecules to reach a
particular part of the room in which it was sprayed. Due to the truly random nature of
Brownian motion, we may start with the well-known solution to a random walk. Here,
the root-mean-square distance traveled is given by the square root of the total number of
collisions times the distance traveled after each collision. Similarly, we can assume that if
the perfume molecule executes a total number of steps, N, of average length, b, then the
mean square displacement (MSD),

, can be written as Nb2. This MSD can then be

related to the tracer diffusion coefficient, Dt, of the perfume droplet using the following
equation:
(2.13)
Here, a long time is required to ensure that the molecules undergo a statistically
significant number of collisions.
While the tracer diffusion coefficient is a property of the individual molecule or
particle undergoing Brownian motion, diffusion will also depend on the size of the
molecule and the medium (e.g., viscosity of liquid) in which it is diffusing. Consequently,
the perfume molecule undergoing a random walk will experience a viscous drag force
that acts equal and opposite to the force (i.e., collisions) propelling it forward. Therefore,
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the tracer diffusion coefficient in equation 2.13 will depend on the friction coefficient.
This relationship is called the Einstein relation:
(2.14)
where

is the Boltzmann constant, T is the temperature, and

is the friction

coefficient. As pointed out by Rubenstein and Colby, the origin of this relation stems
from the fluctuation-dissipation theorem that states that when there is a process that
dissipates energy (e.g., friction in this case), there is a reverse process related to thermal
fluctuations of the system. In the case of Brownian motion, the friction imposed by the
medium dissipates kinetic energy, turning it into heat. Correspondingly, the diffusing
species converts the thermal energy into kinetic energy through further movements
caused by additional bombardments. Under the same assumption that the diffusing
species (e.g., particle) takes the shape of a sphere, it is possible to determine the friction
coefficient of the sphere through a medium with viscosity, . This is known as the Stokes
law, which describes the flow of a fluid past a spherical object.
Combining Stokes law with the Einstein relation yields the classical
Stokes-Einstein (SE) relationship:
(2.15)
where

is the Boltzmann constant, T is the temperature, η is the macroscopic medium

viscosity, R is the radius of the object, and f is a numerical value depending on the
boundary conditions at the interface of the diffusive object. Traditionally, f = 4 for
nonadsorbing or weakly interacting species, and f = 6 for conditions that satisfy a no-slip
hydrodynamic boundary condition at the object interface. The SE relation leads to several
35

intuitive outcomes. First, if the temperature of the system is increased, the molecules
from the surrounding medium move more rapidly (thermal energy) and bombard the
particle more frequently; resulting is an increase in

. Second, if the viscosity of the

solvent or the size of the particle increases, then the friction coefficient increases,
resulting in a decrease of

.

Also, by measuring

and using known materials

parameters, the Boltzmann constant can be measured without knowing the molecular
level details of the system. While it is commonly used to describe the diffusion of
spherical objects, the Stokes-Einstein relation can be modified to capture the diffusion of
nonspherical particles such as rods. Unlike a sphere, where the diffusion coefficient is
isotropic, center-of-mass diffusion of rods is often described by a combination of their
axial (parallel to axis) and transverse (perpendicular to axis) diffusion. For a rod in a
continuum medium, the diffusion is described by hydrodynamic theory,
(2.16)
(2.17)
(2.18)
where R and L are the nanorods radius and length, respectively.72,73 These equations
apply to long, thin rods where the ends of the rod are considered negligible. For short
rods, additional numerical constants are needed to account for end-effects. These have
been calculated through simulations by Tirado and Garcia de la Torre,74 but are beyond
the scope of this work.
Using these continuum-based Stokes-Einstein relations, the dynamics of diffusing
particles or molecules have been extensively studied. Importantly, as will be discussed
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more thoroughly in the subsequent section, the validity of these equations, with particular
emphasis on equation 2.15, comes into question as the relative length scales of the
systems change and interactions are considered. Here, it is important to stress that the SE
relation is only valid when: 1.) the diffusive species possesses the same mean kinetic
energy as the surrounding medium, and 2.) the diffusive species is moving in a
proportionately small medium. Therefore, it is well accepted that when the object (i.e.,
nanoparticles for the remainder of this thesis) is much larger than the medium in which it
is dispersed, diffusion is accurately captured by the Stokes-Einstein relation. However,
when the particle becomes comparable in size to the various characteristic length scales
of the medium in which it is diffusing, significant deviations from SE occur. For polymer
melts, the governing length scales are the size of the nanoparticle (R0), the radius of
gyration (Rg) of the polymer, the entanglement tube diameter (dt), and the Kuhn length of
the polymer. For polymer solutions, the two governing length scales are correlation
length ( ) and the entanglement tube diameter (dt). In polymer solutions, these lengths
scales both depend on the concentration of polymer in the solution as well as the solvent
quality. Similarly, for polymeric or biological networks (i.e., gels), the entanglement
spacing is replaced by the characteristic mesh size, ξ. A thorough analysis of nanoparticle
diffusion in polymer solutions and gels is beyond the scope of this chapter.
2.4.2 Nanoparticle Diffusion in Athermal Polymer Melts
The mechanisms that regulate nanoparticle diffusion in entangled polymer melts
are of fundamental interest because they underpin novel applications. For instance, the
use of nanoparticles in “self-healing” composites is being explored because these
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materials exhibit attractive strength, stiffness, cost, and thermal stability while remaining
lightweight.75 Importantly, the effectiveness of these self-healing materials is dictated by
the diffusion of the nanoparticles to the defects within the composite.76–79 Yu and
coworkers showed that nacre-like nanocomposites can be produced through the selfassembly of block copolymers and polymer-grafted nanoparticles confined by parallel
plates. These biomimetic hierarchical structures display superior mechanical properties
through their self-healing functionality that is dependent on the grafted nanoparticles
efficiently diffusing to regions of mechanical damage (e.g., microcracks).80 Another
interesting research area is that of bicontinuous particle-stabilized emulsions (bijels).81
Here, a bicontinuous composite material is created by annealing an initially uniform
mixture of two polymers and nanoparticles in the two phase region of the phase diagram
to induce spinodal decomposition.41,82–90 As the melt domains grow, the dispersed
nanoparticles migrate to the polymer-polymer interface, form a jammed monolayer, and
arrest the morphology. This preferential segregation of the nanoparticles lowers the
interfacial area between domains, reduces the interfacial energy of the system, and
stabilizes the composite. This unique morphology lends itself to many applications, such
as creating continuous porous networks for drug delivery, filtration, or even electrodes
for batteries.81,85 Similar to the self-healing materials, bijel formation is highly dependent
on the ability of the nanoparticles to diffuse through the melt and reach the polymerpolymer interface. So while an improved understanding of nanoparticle dynamics in
polymer melts is of fundamental importance, it is clear that their dynamics have a
significant impact on their potential implementation into technological applications as
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well.91
To better understand the aforementioned characteristic length scales governing
the diffusion of nanoparticles in a polymer melt, we can look at fundamental polymer
physics concepts that allow us to quantify the radius of gyration, tube size, and their
relation to nanoparticle size. As pointed out by Rubinstein and Colby,2 the radius of
gyration is an appropriate parameter to describe the size of a polymer chain because it is
independent of monomer composition and architecture (Figure 2.5d). For instance, the
mean-square end-to-end distance of a linear chain is straightforward to calculate, but not
well-defined for other architectures such as bottlebrush or ring polymers. However, the
linear, bottlebrush, and ring polymers all possess a radius of gyration. Here, the square
radius of gyration is defined as the average distance between monomers in a particular
conformation (position vector

)) and the polymer’s center of mass (position vector

) given by:
.

(2.19)

For an ideal linear chain, this expression can be solved to yield the mean-square
radius of gyration:
.

(2.20)

For a highly entangled polymer melt, the radius of gyration of the polymer is
typically the largest characteristic length scale of the medium. This is followed by the
entanglement tube diameter (Figure 2.5a), which was originally postulated by Doi and
Edwards.6 Specifically, they proposed that a polymer chain in a concentrated solution or
melt could only essentially move along its own primitive path due to topological
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constraints (i.e., entanglements) imposed by surrounding network chains. The sum of
these entanglement effects could then be represented by a constraining potential on each
monomer within the polymer chain, whose minima lies along the dashed line shown in
Figure 2.5a. Consequently, each network chain is confined by the confining potentials to
a virtual tube in which it can move (i.e., reptate). Due to thermal fluctuations, each
monomer in the chain is constantly moving, but remains within the confining tube which
is quantified by the entanglement tube diameter. To quantify this, Rubinstein and Colby2
interpret it as the end-to-end distance of an entanglement strand consisting of

Figure 2.5. Schematic representations of the (a) entanglement tube diameter, (b) Kuhn
segment length, (c) nanoparticle radius, and (d) radius of gyration of the melt polymer.

monomers and takes the form of:
(2.21)
Today, thanks to decades of polymer characterization and large repositories of
information, it is quite easy to approximate the values of Rg and dt for many polymer
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melts. For instance, Fetters et al. have tabulated the entanglement molecular weight and
segment size for a large library of polymers, which in turn allows for precise calculation
of the reptation tube diameter.92 As will be shown throughout this thesis, the scaling
models in equations 2.20 and 2.21 allow for comparing experimental results with
predictions from theory and simulations.
The pioneering work by Brochard-Wyart and de Gennes (BG) laid the
groundwork for relating these governing length scales in an entangled polymer melt to
nanoparticle dynamics.93 As a smooth, spherical nanoparticle with radius R0 becomes
comparable in size to the entanglement tube diameter, dt, the BG model predicts a
reduction in the friction coefficient, and therefore enhanced nanoparticle dynamics. More
specifically, when

, the diffusive particles “feel” local monomers within the tube

at a length scale proportional in size to

. However, when

the nanoparticle

dynamics are reliant on chain disentanglements which are much slower than the local
rearrangements necessary for much smaller particles.93,94 The reduction in friction
coefficient during the transition is expected to be of the order of
the local viscosity experienced by the nanoparticle and

where

is

is the bulk polymer viscosity.

To elucidate why the friction coefficient is small compared to the continuum expectation,
the ratio of

can be numerically evaluated and predicts enhanced diffusion by

three to four orders of magnitude.71,93 Another prediction made by the BG model is that
the friction coefficient is independent of the molecular weight of the polymer melt, and
only dependent on the size of the diffusive particle relative to the tube diameter. Thus,
theory and simulations typically compare the nanoparticle diffusion coefficient to the
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ratio 2

.
The BG model have motivated both theoretical and experimental studies to

further elucidate why nanoparticles smaller than the entanglement tube diameter67,68,95–98
deviate from the continuum Stokes-Einstein prediction.71,94,99–104 Using a self-consistent
generalized Langevin equation (SCGLE), Yamamoto and Schweizer showed that particle
mobility exhibits size-dependent non-SE behavior that is controlled by two regimes; (1) a
fast diffusion regime that is dependent on the relaxation of the unentangled matrix chains
when

, and (2) a much slower diffusion regime dependent on polymer

relaxations via reptation when

The transition between these two regimes is

relatively sharp, and the SE NP diffusion is recovered when
are shown in Figure 2.6, which plots the ratio,
to-tube diameter ratio,

as a function of the nanoparticle-

, for varying degrees of entanglement.
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~ 10.95 These results

Figure 2.6. Predicted deviations in nanoparticle dynamics from the Stokes-Einstein
relation using a self-consistent Langevin equation (SCGLE) as a function of the
nanoparticle-to-tube diameter ratio for (from bottom to top): N/Ne = 4 (black), 8 (red),
and 16 (blue).

Adapted from reference 95 with permission from the American

Chemical Society.
Recently, Grabowski and Mukhopadhyay investigated the dynamics of gold
nanoparticles within an entangled poly(n-butyl methacrylate) (PBMA) melt using
fluctuation correlation spectroscopy (FCS) as a function of nanoparticle size (

= 5-20

nm).94 More specifically, the authors investigated the transition regime (

~ 1-4)

evident in Figure 2.6. Interestingly, enhanced nanoparticle diffusion was seen that is
qualitatively consistent with the work by Yamamoto and Schweizer, as well as recovery
of the SE relation when

~ 7-10.94 Furthermore, Tuteja et al. investigated the

diffusion of cadmium selenide nanoparticles in a polystyrene melt using X-ray photo
correlation spectroscopy and found it to be 200 times faster than predicted by the
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continuum Stokes-Einstein relation using appropriate experimental parameters.71 Here,
the hydrodynamic radius of the nanoparticles was 4.7 nm. Using this hydrodynamic
radius and the entanglement tube diameter of the polystyrene calculated using equation
2.21 yields a

ratio of ~1. At a melt entanglement of

~ 21, the

ratio

of ~200 obtained experimentally is orders of magnitude lower than the predictions made
by Yamamoto and Schweizer. While these experimental works qualitatively agree with
the results of the SCGLE predictions, consistent quantitative experimental evidence
remains to be seen. As noted by Bailey and Winey in a recent review article, this is in
large part due to the difficulty in identifying polymer nanocomposite systems with hard
nanoparticles that remain dispersed during measurements (see section 2.3) while covering
a large enough parameter space to probe relevant ratios of

and

.105 While

more work is needed, both theory and experiments agree that the relevant geometric
constraints of athermal polymer melts dictate nanoparticle transport and can lead to
significant deviations from the Stokes-Einstein relation as originally theorized by
Brochard-Wyart and de Gennes. In the next sections, we will explore cases where the
NPs are attracted to the matrix polymer and the NPs are grafted with polymer brushes to
enhance dispersion in the melt, respectively.
2.4.3 Nanoparticle Diffusion in Attractive Polymer Melts
While athermal polymer nanocomposite systems are the most readily studied and
widely understood, investigation of nanoparticle dynamics in attractive systems (i.e., net
favorable interactions between nanoparticle and matrix) is of growing interest. For
instance, favorable interactions enhance miscibility of the nanoparticles in the polymer
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matrix and increase the combinations of polymer – nanoparticle systems available for
study. This stability of nanoparticles in a matrix polymer ensures reproducible, timeindependent NP diffusion measurements.91 Specifically, during the course of the
measurements, individual nanoparticles will remain well dispersed and cease to
aggregate. However, while diffusion in athermal systems can be understood using simple
geometrical arguments, the attraction of nanoparticles to the matrix chains adds a layer of
complexity that must be incorporated into predictive models.
Recently, the effect of these attractive interactions has been investigated both
theoretically106 and experimentally107 in unentangled and entangled polymers melts.

Figure 2.7. Diffusion coefficients of nanoparticles in an attractive polymer melt
obtained using molecular dynamics (MD) simulations as a function of nanoparticle –
polymer interaction strength and matrix chain length. From top to bottom, the
nanoparticle – polymer interaction strength increases from 2 kBT (gray), 4 kBT
(maroon), 8 kBT (red), 32 kBT (marmalade). Adapted from reference 106 with
permission from the American Chemical Society.
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Unlike the athermal case, an additional parameter must be considered that is dependent
on the system being investigated. Namely, a polymer-nanoparticle desorption time,

,

is introduced that accounts for the time dependence of the matrix polymer adsorbing to
the nanoparticle surface due to the attractive interactions.

This desorption time is

important when polymer adsorption on the particle is long compared to other time scales
in the system, such as polymer relaxation and reptation times. For instance, when
desorption is very slow, the center-of-mass diffusion coefficients of silica nanoparticles
(

in an entangled poly(2-vinylpyridine) (P2VP) melt is described by a modified

Stokes-Einstein relation. Here, the nanoparticle core size is well within the regime that
predicts enhanced nanoparticle transport based on geometric constraints alone.108 This
agreement with the modified SE model was rationalized as a consequence of the
attractive interactions between nanoparticle and melt polymer, leading to an interfacial
polymer bound layer and an increase in the effective particle size. The diffusion of such
“core-shell” particles can be described by equation 2.15 using an effective particle radius
of

.107,108 While Yamamoto et al.106 deem this recovery of SE behavior

reasonable for these experimental conditions, a second competing mechanism for NP
diffusion is introduced when

. Here, small, “sticky” nanoparticles adsorb to local

segments of the polymer chains and subsequent motion is facilitated by particle
desorption - readsorption with neighboring chains. This cooperative movement between
matrix chains and nanoparticle leads to “vehicle” diffusion that depends on the timescale
of the desorption events (

) and can lead to faster diffusion relative to the SE

relation.106 Using a dynamic bond percolation theoretical framework, Yamamoto et al.
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investigated the “core-shell” and “vehicle” mechanisms as a function of matrix chain
length (N), degree of entanglement (
polymer attraction strength (

), nanoparticle size (

), and the nanoparticle –

). As shown in Figure 2.7, at high attractive interactions,

the nanoparticle diffusion coefficient decreases rapidly with N due to the prevailing
“core-shell” mechanism.

However, as the interaction strength is reduced, “vehicle”

transport dominates and the diffusion coefficient exhibits a much weaker dependence on
N. Additionally, compared at fixed N, the diffusion coefficient of the nanoparticles slows
down by over an order of magnitude as the nanoparticle – polymer interaction strength
increases, qualitatively supporting the dynamic crossover behavior.106
2.4.4 Role of Grafted Brushes on Nanoparticle Dynamics
At this point, the reader should understand that polymer grafts play a critical role
in the thermodynamic behavior of polymer nanocomposites and play an important role in
creating well-dispersed systems that are stable over a long time. However, one might now
ask how these tethers affect nanoparticles dynamics. For instance, until now, the diffusive
behavior of the nanoparticles has been largely dictated by the size of the particle relative
to the polymer mesh. By grafting polymer brushes to their surface, the relative size of the
nanoparticle will increase which in turn will influence particle kinetics. Recall the case of
attractive polymer melts where the adsorbed polymer led to an increased effective
nanoparticle radius,

. However, in contrast to physically adsorbed

polymers where kinetics is dictated by polymer-nanoparticle desorption time, the
dynamics of grafted nanoparticles is temporally unchanged by the brush. Additionally,
the different synthesis procedures used in creating these grafted nanoparticles, called
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grafting “from” and grafting “to,” can lead to vast differences in grafting density and
graft polydispersity, both of which add ambiguity in determining the effective
nanoparticle radius and will be discussed later on.
For poly(methyl methacrylate) (PMMA)

grafted nanoparticles dispersed in

unentangled and slightly entangled PMMA melts, Lin and coworkers performed
experiments to address the impact of grafted polymers on NP dynamics. Here, the effects
of polymer chains on nanoparticle diffusion was determined by measuring the center-ofmass diffusion coefficients of the grafted nanoparticles using Rutherford backscattering
spectrometry.91 Interestingly, compared to the Stokes-Einstein diffusion coefficient using
the PMMA bulk viscosity and core NP size (i.e.,

, the experimentally

obtained diffusion coefficients were found to be ~100 times slower. To account for this
discrepancy, the SE prediction was applied using NPs with a larger effective diameter
(

. In addition, to account for the grafted chains, the composite matrix viscosity

was modified from that of pure PMMA using the phenomenological Krieger-Dougherty
equation:
(2.22)
where
polymer brushes,

is the effective NP volume fraction including the NP core and
is the viscosity of the matrix polymer, and

close packed jamming volume fraction of

is the random

for spheres. Using this Krieger-

Dougherty equation, the authors wrote a normalized diffusion coefficient as:
(2.23)
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where

is the experimentally measured diffusion coefficient and

diffusion coefficient of a spherical nanoparticle with diameter

is the

in a neat PMMA

matrix. Using equation 2.23 and the experimentally obtained D, an effective NP size of
was determined, which is approximately 4.5 times larger than the core.
To see if this predicted effective radius of the grafted nanoparticle is realistic, we
can begin by looking at the work of Daoud and Cotton whom proposed a model to predict
the first scaling models of star polymers (akin to grafted nanoparticles).109 Specifically,
they determined three distinct polymer conformation regimes in which the local
monomer concentration changes depending on the radial distance from the center of the
star polymer.110 Due to steric effects, the polymer chains closest to the center of the
molecular center are the most stretched. As they fan out radially, chains experience a
greater free volume and take up more lateral space towards the corona of the star
polymer. Building on this, Fukuda and coworkers extended the model to polymer grafted
nanoparticles in solution.111–114

Most importantly, they postulated that the grafted

polymer brush thickness, h, is dependent on the grafting density and the brush molecular
weight (i.e., degree of polymerization, N). Below a critical total nanoparticle radius (

),

the polymer brushes are in a concentrated polymer brush (CPB) regime, and beyond that,
in a semi-dilute polymer brush (SDPB) regime. Within the CPB regime, when
the brush thickness scale as
SDPB regime, when
scales as

where

where

Within the

, chain stretching is weaker and the brush thickness
. More recently, Choi et al. monitored the surface-to-

surface distance (d) of grafted nanoparticles in the solid-state using transmission electron
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microscopy and compared their findings to these Daoud-Cotton descriptors of polymer
grafted nanoparticles. Observing a series of PS and PMMA grafted nanoparticles at
increasing molecular weights, they found that the distance between particles scaled
as

for short and long graft molecular weights, respectively.114

and

Rather than relying on indirect TEM image analysis, Hore et al. implemented small-angle
neutron scattering to directly measure the SDPB and CPB length scales for the first time
in a polymer melt. Importantly, they found that the SDPB and CPB regimes scale as
and

, respectively, thus confirming the predicted scaling by

Daoud and Cotton.60,115
Now, recalling the results by Lin et al. and using the polymer grafted
nanoparticles scaling concepts presented by Daoud and Cotton, it is possible to calculate
the expected

of the grafted nanoparticles based on their grafting density and degree

of polymerization. Importantly, the

is found to be in remarkable

Figure 2.8. Schematic representation of grafted nanoparticle chain conformations as
a function of chain grafting density, σ, and chain degree of polymerization, N.
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quantitative agreement with the modified Daoud-Cotton scaling estimate for brush
thickness.91 These results demonstrate that grafted polymer chains of moderate molecular
weight and grafting density significantly alter NP diffusion in polymer melts by
increasing their effective size. As pointed out by Bailey and Winey in a review of
nanoparticle dynamics in polymer nanocomposites,105 the vast parameter space governing
grafted nanoparticles is poorly understood in regards to their effects on dynamics. While
the work by Lin et al. begins to shed some light on the effects of polymer tethers, more
studies are needed that systematically investigate nanoparticle dynamics as a function of
their grafting density, molecular weight, effective size, as well as their enthalpic
interactions (i.e., graft-NP, NP-matrix, graft-matrix).105 Figure 2.8 shows a schematic
representation of grafted nanoparticle chain conformations, allowing the reader to
visualize the effect of varying just two of the parameters of the nanoparticle (

) and

imagine how this can lead to drastic changes in the nanoparticle dynamics.
2.5 Summary
A comprehensive review of the theoretical and experimental topics needed to
understand and interpret the research presented in this thesis have been provided.
Importantly, topics such as the phase behavior of polymer blends, including the theory of
spinodal decomposition, wetting, and dewetting, have been covered which are all crucial
phenomena in the development of the unique PNC morphologies discussed throughout
the dissertation. Additionally, the parameters that dictate the phase behavior of polymer
grafted nanoparticle composites have been described, highlighting the significance of the
novel method presented in Chapter 4. The chapter concludes with a review of the
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governing mechanisms and fundamental polymer physics concepts dictating nanoparticle
dynamics in a variety of polymer melts to provide context for the reader for Chapters 5
and 6.
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CHAPTER 3
EXPERIMENTAL METHODS AND CHARACTERIZATION TECHNIQUES

3.1 Introduction
A typical scientific experiment proceeds through four distinct parts: I.) Sample
preparation, II.) sample processing, III.) sample characterization, and IV.) data analysis.
In this dissertation, sample preparation involves the generation of PNC films of uniform
composition and thickness to begin investigating their thermodynamic and kinetic
behavior. Sample processing includes bringing the initially homogeneously distributed
composites to different regions of the phase diagram through thermal annealing in a
controlled, reproducible manner. Sample characterization is measuring the PNC depth
profiles and morphologies through different profiling and imaging techniques. Data
analysis is more complicated and will be discussed at the end of each subsequent chapter
regarding the experiments being performed. Herein, we will discuss parts I – III.
3.2 Preparation of polymer nanocomposite films
3.2.1 Nanoparticle and Polymer Systems
The thermodynamic and kinetic behavior of PNC films is investigated using
systems of poly(styrene-ran-acrylonitrile) (SAN, Mw = 118 kg/ mol, Mw/Mn = 2.24, Tg =
114 °C, containing 33 wt % acrylonitrile), poly(methyl methacrylate) (PMMA, Mw = 21
kg/mol, Mw/Mn = 1.14, Tg = 110 °C), and silica NPs (15 nm in diameter) grafted with
PMMA brushes (PMMA-NP, Mw = 19 kg/ mol, σ = 0.7 chains/nm2). SAN was provided
by Monsanto and purified twice by adding a solution of SAN and chloroform (≥ 99.9%,
for HPLC) into methanol (≥ 99.9%, for HPLC) at a 1:10 volume ratio. After allowing
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SAN to precipitate for 1 h, the solvent was removed, and the precipitant was dried for 48
h. Once dried, SAN was redissolved in chloroform and precipitated with methanol once
more. PMMA homopolymer was purchased from Polymer Source Inc. and used as
received. PMMA-NPs were prepared using surface-initiated atom transfer radical
polymerization. The NP diameter and polydispersity was measured by transmission
electron microscopy (JEOL JEM-1400 TEM). The grafting density of the PMMA-NPs
was determined through thermogravimetric analysis (TGA, TA Instruments Q600 SDT)
at a heating rate of 10 °C/min under argon flow between the temperatures of 25 and 550
°C. The glass transition temperature (Tg) of each polymer was measured by differential
scanning calorimetry (DSC, TA Instruments Q2000) between the temperatures of 25 and
150 °C. In all cases, two heating/cooling cycles were performed at a heating/cooling rate
of 5 °C/min. The Tg values were obtained from the second heating to eliminate any
thermal history. Details of the TGA and DSC characterization of PMMA, SAN and
PMMA-NPs are given in Appendix A. EpoxiCure 2 epoxy hardener and epoxy resin were
purchased from Buehler. N-type, oriented silicon wafers (dopant Ph, 10−20 Ω· cm
resistivity, 475−575 μm thickness, single side polished) were purchased from Silicon
Quest International. P-type, oriented silicon wafers (dopant B, 0.001−0.005 Ω·cm
resistivity, 500 μm thickness, single side polished) with a 300 nm wet thermal oxide layer
were purchased from University Wafer.
3.2.2 Preparation of polymer nanocomposite films for different characterization
techniques
Cloud Point Observations
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To map the phase diagrams of binary and ternary PNCs, cloud point observations
were used. Here, the cloud point is defined as the temperature at which the composite
films change from transparent to opaque when viewed against a black background.
Polymer solutions with varying compositions were dissolved in methyl isobutyl ketone
(MIBK,

, Certified ACS, Fisher Chemical) and stirred for 24 h using a magnetic

stir bar. The solutions (17 wt.% in MIBK) were spin-coated (1000 rpm, 60 seconds) onto
1 cm2 glass substrates (washed with methanol and toluene and dried under nitrogen flow)
and dried at 105°C for 1 h to remove residual solvent. All films were smooth and
homogeneous as-cast. Film thickness, measured with reflectometry (Filmetrics F3-UV),
ranged from 2000 - 2500 nm depending on the composite composition, which can be
taken as semi-infinite. Samples were subsequently annealed to the desired temperature on
a hot stage (Mettler FP-82, Mettler Toledo, INC.) under continuous argon flow and
immediately quenched to room temperature after 24 and 72 h of annealing.
Transmission Electron Microscopy
In order to obtain the diameter and polydispersity of NPs used throughout this
dissertation, transmission electron microscopy was used. Here, NP solutions were
prepared by dissolving the NPs in MIBK at a loading of 6 mg/mL and stirred for 24 h
using a magnetic stir bar. The solutions were drop cast onto carbon coated TEM grids and
dried at room temperature for 24 h to remove any residual solvent. TEM characterization
of the drop casted particles was performed with a JEOL JEM1400 TEM at 120 kV. Using
ImageJ, several hundred measurements were taken for each NP sample. The distribution
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of NP core sizes was then fit with a Gaussian function to extract both the mean diameter
as well as the polydispersity of the particles.
To

prepare

the

PNC

samples

for

transmission

electron

microscopy

characterization, solutions of different compositions were spin-coated onto 1 cm2 silicon
wafers with a 300 nm thermal oxide layer and then dried at 100°C for 1 h to remove
residual solvent. For chapter 4, PNC solutions of 17 wt.% in MIBK were spin-coated at
1000 rpm for 60 seconds to generate films that ranged in thickness from 2000 - 2500 nm.
For chapters 5, 6, and 7, solutions of 10 wt.% in MIBK were spin-coated at 4000 rpm for
60 seconds to generate films that are ca. 450 nm in thickness. Following drying, the
samples were annealed on a hot stage (Mettler FP-82, Mettler Toledo, INC.) for varying
amounts of time under continuous argon flow and then immediately quenched to room
temperature. To lift the films, the edges of the substrate were scored and then floated on a
1:5 vol.% solution of NaOH (50% w/w NaOH) and deionized water (DI H2O). After
lifting from its substrate, the films were transferred to pure DI H2O and then onto
Teflon® films. In chapter 4, the films were then sputter-coated with a gold and palladium
layer (a guide for the eye during microscopy). After sputter-coating, the specimens were
lifted from the Teflon® and embedded in two-part epoxy. In chapters 5, 6, and 7, the
specimens on top of the Teflon® were sandwiched between two pieces of tape, with an
open window on one side to expose the free surface of the PNC (see Appendix C).
Subsequently, samples were embedded in two-part epoxy. Once the epoxy cured, ca. 70 100 nm cross-sections of the PNCs were prepared by ultramicrotomy (Leica Ultracut S
Ultramicrotome) with a room temperature diamond knife. TEM characterization of the

72

ultramicrotomed cross-sections, transferred onto carbon coated TEM grids, was
performed with a JEOL JEM-1400 TEM at 120 kV. Radial autocorrelation functions of
TEM images were produced to discern the average center-to-center interparticle distances
(ID) of the grafted NPs in as-cast films using Gwyddion software.
Small-Angle X-ray Scattering
To prepare samples for small-angle X-ray scattering, the floated films (ca. 2000 –
2500 nm, see TEM preparation) were lifted from the liquid-air interface of the NaOH
solution and transferred onto 2 x 2 cm2 Kapton® films. In order to achieve a sufficient
signal-to-noise ratio, 4 films were stacked on top of one another, resulting in a film stack
thickness of ca. 10 μm. The films were allowed to dry for 6 hours at room temperature
between each sequential stack. SAXS measurements were performed on a Xenocs Xeuss
2.0 at the University of Pennsylvania, with a sample-to-detector distance of 6.36 m with a
Cu-Kα source, providing an available q-range of 0.003-0.09 Å-1. Raw two-dimensional
scattering images were collected on a Pilatus 1M detector for 20 minutes per sample and
were then azimuthally integrated into one-dimensional patterns for analysis using Foxtrot
software.
Subsequently, the one-dimensional scattering intensities versus the modulus of the
q-scattering vector were fit using the program SASfit.1 Each data set was using a total of
three scattering contributions to represent scattering from both dispersed and aggregated
NPs, as well as a background subtraction. The contribution of each material to the total
scattering from the sample is the product of the objects form factor
factor

:
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and its structure

(3.1)
The scattering length densities of all materials were taken from the online
scattering calculator from the National Institute of Standards and Technology and were
set as fixed parameters during fitting. The individual grafted NPs were modeled using a
core-shell form factor (‘spherical shell iii’ in SASfit) and a Percus-Yevick hard sphere
structure factor. Due to the low scattering contrast between the PMMA brush and the
SAN matrix relative to between the SiO2-NP and the SAN, the form factor can also be
approximated using a hard sphere form factor without any large fitting error. As such, we
are able to ignore any local changes to the matrix scattering length density during phase
separation.
The NP core radius,

and polydispersity, , were estimated using TEM (see

TEM preparation) and found to be 7.5 nm and 1.27, respectively. These values were used
for initial fitting. The form factor was fit using a log-normal distribution. This model has
, polydispersity, and volume fraction of the scatterer,
q-value of the first peak in the graph of

versus

, as input parameters. The
is the average center-to-center

interparticle distance and is used to compute the height of the polymer brush
through:
(3.2)
where

is the radius of the NP core taken from the form factor.
For PNC samples annealed in the two-phase region, aggregated NPs were fit with

two different models. The first model consisted of a Gaussian fractal aggregate form
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factor, where the fractal dimension,

, and the radius of gyration of the cluster, Rg, are fit

parameters:
(3.3)
where
proportional to

is the spatial dimension, and
.

and is equal to

is a measure of the linear aggregate size

is a cutoff function describing the perimeter of the aggregate
for this model. Adding any sort of fractal aggregate structure

factor did not significantly increase the goodness of fit and was omitted from this model.
The second model assumed that the cluster can be modeled with an effective form
factor of polydisperse spheres. The input parameters for this model are identical to those
described above for the dispersed NPs and permits an estimation of the volume fraction
of the clustered objects,

. The Rg extracted from this model does not significantly

vary (< 25%) from that extracted from the fractal aggregate form factor model.
Grazing-Incidence Rutherford Backscattering Spectrometry
To prepare samples for GI-RBS, the same 10 wt.% PNC solutions used for TEM
were spin-coated (4000 rpm, 60 seconds) onto 1 cm2 silicon wafers with no thermal oxide
layer, and then dried using the aforementioned procedure. After thermal annealing at
150°C, 170°C, and 190°C for varying amounts of time, the ca. 450 nm thick samples
were examined by GI-RBS using an incident beam of 2-MeV He+ ions produced by a
National Electrostatics 5SDH-2 positive ion accelerator. The GI-RBS geometry consisted
of an incident ion beam of 60° off the surface normal, and an exit angle of 65°, resulting
in a 175° backscatter. After obtaining the GI-RBS spectra, the counts versus channel
profiles were translated into counts versus depth using in-house software and an energy
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calibration of 1.709 keV/channel with an offset of +95 keV, obtained from a 10 nm AuPd
calibration sample. Because the PNC films are orders of magnitude thinner than the Si
wafer, substrates were modeled as infinite slabs. Each GI-RBS spectra was normalized to
the same silicon shelf to mitigate differences in collection times. The diffusion
coefficients of the grafted NPs discussed in chapter 6 were obtained by fitting the
normalized concentration profiles to a one-dimensional (1-D) solution to Fick’s second
law equation for two mediums in contact that allows for interdiffusion (using an in-house
code and open-source python packages2-6). Diffusion coefficients were obtained for
multiple annealing temperatures and times. Here, we emphasize that all time dependent
studies were carried out on different samples for each annealing time. Therefore, the
systematic behaviors reported in this dissertation also indicate the reproducibility of these
materials.

Here,

the

instrumental

function,

resolution

, where

is

captured

by

a

Gaussian

nm. The standard deviation is then

related to the full width at half maximum (FWHM) by the following relation:
.
Atomic Force Microscopy
To obtain information about the surface topography of our PNC films, the
composites were imaged in tapping mode using an Agilent 5420 AFM with non-contact
tips (TAP300AL-G-50 radius of curvature < 10nm, Ted Pella) as a function of thermal
annealing temperature and time. All AFM images were processed using Gwyddion
software. Radial autocorrelation functions of the 2 µm x 2 µm images were produced to
discern the average center-to-center interparticle distances (ID) of the grafted NPs at the
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film surface. The surface coverage of the grafted NPs as a function of annealing
temperature and time was extracted using image processing techniques in ImageJ
software. More specifically, a median filter was created using the raw AFM image data.
In doing so, the noise in the active image was reduced by replacing each pixel with the
median of the neighboring pixel values within some defined radius. Subsequently, the
median filter was subtracted from the original AFM image, resulting in an image with
reduced background noise and more discernable NPs. Following the background
subtraction, the image was converted into a binary black and white image. Using the
“Analyze Particles” function built into ImageJ, the number density of NPs was
calculated. Specifically, the command counts and measures objects in binary images by
scanning the image until it finds an edge of an object. Then, it outlines the object using a
built-in wand tool, calculates the size and area of the object, and resumes scanning until it
reaches the end of the input image. Figure C3 shows the step-by-step image analysis for a
representative 25/75 wt.% PMMA-NP/SAN film. For each annealing temperature and
time, three different AFM images were obtained, reduced using this procedure, and
averaged to obtain a standard deviation.
To complement the autocorrelation functions, AFM line scans were taken at the
corresponding annealing temperatures and time. Figure C2 shows AFM line profiles of a
binary composite before and after annealing at 170°C and 190°C, passing through the
centers of the grafted NPs. The maxima in the line profile correspond to the centers of
each NP. The center-to-center maxima values obtained through the line scans correspond
well with the values obtained through the autocorrelation functions.
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Optical Microscopy
To compare the dewetting behavior of the PMMA/SAN blend and PMMANP/SAN PNC, solutions were prepared by dissolving the constituents in MIBK and
stirred for 24 h using a magnetic stir bar. Both solutions (10 wt.% in MIBK) were spincoated (4000 rpm, 60 seconds) onto 1 cm x 1 cm silicon wafers with no thermal oxide
layer, and then dried using the aforementioned procedure. After thermal annealing at
150°C, 170°C, and 190°C for varying amounts of time, the samples were examined by
optical microscopy (Olympus BH-2) in reflected light configuration using a 10x objective
lens and 1.67x relay lens.
3.3 Characterization techniques
3.3.1 Transmission Electron Microscopy (TEM)
In transmission electron microscopy (TEM), a beam of electrons is transmitted
through a thin sample (< 100 nm) to form an image. Here, the image is generated as a
result of the interactions between the electrons within the sample and the beam that is
transmitting through it. The contrast of the TEM image is achieved through electron
density differences resulting from the thickness and compositional changes within the
sample. Most polymers are composed of similar light elements, resulting in negligible
contrast in TEM by themselves. However, by grafting polymers to the surface of an
inorganic nanoparticle, stark contrast can be achieved between the grafted nanoparticle
and the polymer matrix. This allows one to distinguish between the co-existing phases of
the polymer nanocomposite. TEM offers many advantages compared to traditional
optical microscopy, most notably a significantly higher resolution that owes to the

78

smaller de Broglie wavelength of electrons. In this dissertation, the lateral distribution of
PMMA-NPs in binary and ternary polymer nanocomposites was observed using TEM
after film cross-sectioning as a function of composition, thermal annealing temperature,
and thermal annealing time.
3.3.2 Small -Angle X-ray Scattering (SAXS)
X-ray scattering is an analytical technique that measures the intensities of X-rays
that have been scattered by a material as a function of the scattering angle. In typical
scattering measurements, as the scattering angle is decreased, larger structural features
are being probed. This relationship is captured by Bragg’s law. Therefore, at exceedingly
small angles (SAXS), typically in the range of 0.1 to 10 degrees, structural features on the
length scale of nanometers (1 - 100s of nm) are probed. Conversely, wide-angle X-ray
scattering (WAXS) probes structural features on a much smaller length scale, typically
that of interatomic distances. Both small angle X-ray scattering and wide angle X-ray
scattering techniques belong to a family of X-ray scattering techniques that are used in
the characterization of materials.
To fully understand the structure-property relationships in PNCs, one must
understand the governing length scales at hand: from the grafts on the NP surface, to the
overall NP geometry, and from nanoparticle dispersions to agglomerations. By using Xray scattering, in conjunction with other microscopy techniques such as TEM and OM,
we can obtain a comprehensive description and understanding of the nanocomposite
structures as a function of thermal annealing temperature and time.
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3.3.3 Grazing-Incidence Rutherford Backscattering Spectrometry (GI-RBS)
RBS over the years has proven to be an invaluable tool for investigating polymer
surfaces and interfaces. In a typical measurement, high-energy (MeV) incident helium
atoms are shot at a polymer film surface, where the helium atom can strike an element of
higher atomic number (e.g., carbon, which is prolific in polymer systems). Here, an
elastic collision occurs, which repels the lighter helium atom back toward the source of
the beam (i.e., backscattered). The energy of the backscattered helium atom can then be
related to the depth of the atom within the polymer film through the following
relationship:7

Or
(3.4)
Since the yields (i.e., counts) are proportional to the elemental concentration,
polymer stoichiometry can be determined quite readily. The geometry of a typical RBS
experiment consists of a helium beam directed normal (90°) to the sample surface.
Herein, we utilize an incident angle of 60° off the surface normal, and an exit angle of 65
degrees, resulting in a 175° backscatter. This grazing-incidence geometry is utilized to
maximize the path-length of the incident helium ions and interact with the PMMA-NPs
that preferentially segregate to the free surface of the PNC films more readily. As seen in
chapters 5 and 6, near monolayers of PMMA-NPs form, resulting in a target thickness of
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ca. 38 nm. Therefore, GI-RBS is an invaluable resource for studying the compositional
profiles, specifically the free surface, within the PNC films presented in this dissertation.
3.3.4 Atomic Force Microscopy (AFM)
In typical contact mode AFM, a laser is reflected off the end of a cantilever (tip),
which is then detected by a photodiode. As the tip is moved across the sample surface
and encounters surface features, it flexes, causing the reflected laser to move across the
photodiode detector. When the tip is scanned across the sample via a piezoelectric
scanner, local topography changes result in different tip displacements. A feedback loop
is used to keep force between the tip and the sample constant by maintaining a constant
cantilever deflection. This feedback signal gives a topography map of the sample.
However, one of the major drawbacks of using contact mode AFM is that there exist
large lateral forces on the sample as the tip is dragged over the surface which can damage
soft materials (e.g., polymers).
Therefore, it is now quite common for polymer scientists to implement
intermittent contact mode (commonly known as tapping mode) to image soft materials.
Here, the cantilever is oscillated near its resonance frequency and positioned above the
surface so that the tip only taps the surface for a very small fraction of its oscillation
cycle. This brief contact dramatically reduces the lateral forces applied to the sample
surface and minimizes the damage to soft materials. While scanning the tip across the
surface the amplitude is kept constant and the feedback signals provide the topography
image of the surface. In addition to providing topographical information, tapping mode
AFM also provides phase imaging, where the oscillating cantilever is sensitive to the tip-
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sample interactions (Van der Waals forces, dipole-dipole interactions, electrostatic forces,
etc.). Samples that contain regions of varying stiffness or with different adhesion
properties can give a contrast in this channel that is not visible in the topographic image.
In this dissertation, tapping mode AFM was used as discussed in chapters 5, 6,
and 7. Due to the tip size being relatively small (< 10 nm) compared to the PMMA-NPs
(38 nm), AFM allows for the tracking of the center-to-center interparticle spacings of
NPs at the free surface of the films as a function of thermal annealing temperature and
time. In addition, AFM provides information about the thermal stability of the PNC
morphologies by monitoring the root mean square surface roughness of the films. As
discussed in chapters 5, 6, and 7, a small roughness value is attributed to jamming of
PMMA-NPs at the free surface, which prevent the formation of large amplitude capillary
functions typical in polymer blend films.
3.4 Summary
In this chapter, we have described the main experimental methods for sample
preparation, sample processing, and sample characterization in this dissertation.
Emphasis has been put on sample preparation for different experimental techniques (e.g.,
spin-coating conditions, lifting procedures, annealing conditions, etc.). Additionally, brief
working overviews of each instrument (SAXS, TEM, OM, AFM, etc.)

have been

described to provide the reader context regarding their basic function as well as their
potential use across different PNC systems.
3.5 References
(1)

https://sourceforge.net/projects/sasfit/

82

(2)

The pandas development team. Pandas-dev/pandas:Pandas 1.2.4. Zenodo,
February, 2020. https://doi.org/10.5281/zenodo.3509134.

(3)

McKinney, W. Data Structures for Statistical Computing in Python. In Proceedings
of the 9th Python in Science Conference. van der Walt, S.; Millman, K.J.; Eds.
2010; pp 56-61. doi: 10.25080/Majora-92bf1922- 00a.

(4)

Hunter, J.D. Matplotlib: A 2D Graphics Environment. Computing in Science &
Engineering. 2007, 9 (3), 90-95. doi: 10.1109/MCSE.2007.55.

(5)

Harris, C.R.; Millman, K.J.; van der Walt, S.J.; Gommers, R.; Virtanen, P.;
Cournapeau, D.; Wieser, E.; Taylor, J.; Berg, S.; Smith, N.J.; Kern, R.; Picus, M.;
Hoyer, S.; van Kerkwijk, M.H.; Brett, M.; Haldane, A.; Fernández del Río, J.;
Wiebe, M.; Peterson, P.; Gérard-Marchant, P.; Sheppard, K.; Reddy, T.;
Weckesser, W.; Abbasi, H.; Gohlke, C.; Oliphant, T.E.; Array programming with
NumPy. Nature. 2020, 585, 357-362. https://dx.doi.org/10.1038/s41586-020-26492.

(6)

Newville, M.; Stensitzki, T.; Allen, D.B.; Ingargiola, A. LMFIT: Non-Linear
Least-Square Minimization and Curve-Fitting for Python (Version 0.8.0). Zenodo,
September, 2014. http://doi.org/10.5281/zenodo.1181

(7)

Composto, R. J.; Walters, R. M.; Genzer, J. Application of Ion Scattering
Techniques to Characterize Polymer Surfaces and Interfaces. Materials Science
and Engineering: R: Reports. Elsevier Ltd July 2002, pp 107–180.
https://doi.org/10.1016/S0927-796X(02)00009-8

83

CHAPTER 4
INTERFACIAL COMPATIBILIZATION IN TERNARY POLYMER
NANOCOMPOSITES: COMPARING THEORY AND EXPERIMENTS

Content in this chapter was published in 2021 in Macromolecules, 54, 2, 797–811, with
authors Shawn M. Maguire, Nadia M. Krook, Arjita Kulshreshtha, Connor R. Bilchak,
Robert Brosnan, Andreea-Maria Pana, Patrice Rannou, Manuel Maréchal, Kohji Ohno,
Arthi Jayaraman, and Russell J. Composto
4.1 Introduction
The ability to control the dispersion state of nano-sized inorganic or hybrid fillers in
polymer nanocomposites (PNCs) has been a continuous challenge in the development of
functional hybrid materials for a wide array of applications. Examples include the addition of
rigid polymer nanoparticles (NP) to a liquid or polymer electrolyte for enhanced mechanical
modulus without sacrificing ionic conductivity,1–3 the incorporation of gold nanorods to a
polymer matrix for tuning optical absorption and polarization,4–6 or using polymer-grafted silica
nanoparticles to create membranes with controllable separation capabilities.7 Since the bulk
material properties of the composite are directly correlated with the spatial distribution of the
nanoparticles within the polymer matrix,8–12 the ability to achieve uniform nanoparticle dispersion
through different processing techniques, including self-assembly and external fields, has attracted
considerable attention. While there have been significant advances made utilizing these methods,
often these are non-equilibrium processes, resulting in composites having metastable
morphologies. These kinetically trapped PNCs are therefore unsuitable for applications that
operate at high temperatures, which accelerate NP motion and instability, leading to phase
separation and degradation. Therefore, finding ways to increase the miscibility windows of these
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composites at elevated temperatures is enticing for industrial applications that rely on controlled
spatial distributions of NPs within the polymer phase.
Previously, it has been shown by Schmitt et al. that a binary PNC system of silica
particles grafted with polystyrene (PS) and PMMA ligands with an upper critical solution
temperature (UCST) can impart phase behavior comparable to analogous linear polymer blends. 13
However, while the trends in phase behavior between the two systems were similar, the PNC
demonstrated increased miscibility and reduced kinetics of domain growth. The apparent increase
in miscibility was rationalized as a consequence of a reduced thermodynamic driving force for
phase separation by decreasing the number of unfavorable segmental interactions between each
ligand. Additionally, the presence of NP cores resulted in a smaller number density of segmental
contacts.13 Similarly, work by Karim and co-workers compared the phase separation behavior of a
system of gold nanoparticles grafted with PS (AuPS) inside a PMMA matrix to that of a binary
homopolymer blend composed of PS and PMMA.14 Comparison of the surface topologies of the
two systems revealed a lower interfacial tension between AuPS and PMMA than that in the
homopolymer blend. This difference was attributed to the sterically hindered interactions of
PMMA matrix chains with the chains grafted to the surface of the nanoparticle. Taken together,
these studies offer insights into potential routes of facilitating PNC miscibility, specifically, by
focusing on the interface between the grafted nanoparticle and matrix.
To probe if the PNC miscibility can be expanded via increased interfacial
compatibilization, a polymer system has to be judiciously chosen such that the phase behavior of
the homopolymer blend is documented and has an accessible critical point for the tracking of
changes in miscibility. The binary homopolymer blend of poly(styrene-ran-acrylonitrile) (SAN,
33 wt.% AN) and PMMA has been shown to have an accessible lower critical solution
temperature (LCST) of 160°C that can be tuned through changing the composition of SAN.15–19
The addition of nanoparticles to the PMMA/SAN blend has been demonstrated as a way to
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further manipulate both the phase behavior and phase separation temperature of the system.20–25
While the aforementioned studies focused on UCST PNCs with unfavorable segmental
interactions below a critical temperature, the favorable interactions below a critical temperature
of the PMMA/SAN blend with LCST phase behavior allows for direct validation of the proposed
interfacial tension and limited segmental interaction theories. Previously, favorable interactions
between SAN graft polymers and PMMA matrix polymers in PNCs containing SAN grafted
silica nanoparticles have been shown to promote uniform dispersion where chosen design
parameters like large particle size, small molecular weight of graft chains and high molecular
weight of matrix chains favored phase separation.26 However, PNCs with graft-matrix
interactions that follow LCST phase behavior, exhibiting favorable segmental interactions at low
temperatures that become progressively weaker and eventually repulsive as temperature
increases, show a sharp dispersion to aggregation transition on increasing temperature as seen for
polystyrene (PS) grafted silica particles in poly (vinyl methyl ether) (PVME) matrix in past
experiments and simulations.27 Accordingly, through the addition of PMMA homopolymer to a
binary PMMA-NP/SAN (i.e. LCST composite), the number of favorable segmental interactions
between each chemical species can be restored to reduce the thermodynamic driving force for
phase separation at high temperatures.
In the present work, we examine binary and ternary nanocomposites of poly(methyl
methacrylate) grafted silica nanoparticles (PMMA-NP) mixed with SAN (binary), and PMMANPs, SAN, and PMMA homopolymer (ternary), as model systems to directly probe the governing
parameters guiding phase behavior and nanoparticle assembly. As-cast PNC films are
characterized as a function of nanoparticle loading, revealing well dispersed NP systems. Phase
behavior of the binary and ternary PNC was investigated between 155 and 195°C and
characterized using a combination of cloud point observations, transmission electron microscopy
(TEM), and small-angle X-ray scattering (SAXS). For both binary and ternary PNCs, cross-
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sectional TEM micrographs reveal a 3-stage transition from discrete to string-like to bicontinuous
NP domains with increasing NP loadings when annealed in the two-phase regime. The scattering
profiles obtained through SAXS reveal the emergence of two distinct length scales underpinning
the binary and ternary PNC phase behavior — specifically, a smaller length-scale feature
representing the average center-to-center interparticle distance as well as a larger length-scale
feature representing the scattering between nanoparticle clusters. Modeling of these two
scattering features allows for the accurate capture of the phase transition within the binary and
ternary PNCs. By compiling the cloud point, TEM, and SAXS results, we demonstrate that the
addition of 5 wt.% PMMA homopolymer to the binary PNC stabilizes the composite material
through directed segregation of PMMA to the PMMA-NP/SAN interface, leading to increased
miscibility in off-critical compositions. To explain this compositional dependence, a simple
interfacial scaling model is derived, providing a general guideline for predicting the extent of
compatibilization. Polymer Reference Interaction Site Model (PRISM) theory calculations and
molecular dynamics (MD) simulations based on a coarse-grained (CG) model are performed to
elucidate the effect of the amount of added PMMA matrix (quantified in terms of volume
fraction) on PNC structure. Experimental plots of the composite structure factors, which show a
dispersion to aggregation transition in PNCs on increasing temperature, are compared to particleparticle structure factors obtained using PRISM theory to verify the ability of the CG model to
capture experimental phase behavior. Thereafter, MD simulations based on the CG model are
used to calculate concentration profiles for graft and matrix polymers in the vicinity of the
particle at various PMMA matrix volume fractions. Results from MD simulations show that when
PMMA graft and SAN matrix interactions are unfavorable (at high temperatures), PMMA matrix
concentration increases near the particle surface, suggestive of compatibilization. Further,
particle-particle pair correlation functions and particle structure factor plots from PRISM theory
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show that increased volume fraction of PMMA matrix chains leads to a reduced tendency for
aggregation in PNCs at high temperatures.

4.2 Experimental Procedures
Materials and methods. Refer to chapter 3.
COMPUTATIONS
Coarse-grained (CG) model. Graft and matrix polymers (denoted with subscripts G and
M, respectively) were modeled as bead-spring29 chains with harmonic bonds in CG
simulations. The PMMA graft (G) and PMMA matrix chains (matrix_2, M2) were
comprised of NG and NM2 number of CG beads, where each bead of diameter 1

was

equal to the Kuhn segment length of PMMA (1.53 nm). The first bead of each graft chain
is tethered to the nanoparticle of size Dp via a surface grafting site. The number of
grafting sites on the nanoparticle was chosen based on the particle size and the desired
surface grafting density. The SAN matrix chains (matrix_1, M1) were comprised of NM
number of CG beads, each bead of diameter 1 as the Kuhn segment of SAN is similar to
that of PMMA. In all chains the harmonic bonds were modeled using the form
(4.1)
with the force constant kbond = 50kT/

2

and the equilibrium bond distance r0 = 1 . No

angle restrictions were imposed on the graft and matrix CG beads to model flexible graft
and matrix chains.
Pairwise non-bonded interactions between all graft and matrix bead pairs (GG, GM1, and
M1M1 for binary PNCs and GG, GM1, GM2, M1M1, M1M2, and M2M2 for ternary

88

PNCs) were modeled using the cut and shifted Lennard Jones30 (LJ) interaction potential
given by

(4.2)

with ij = 1 for all pairs. In the case of binary PNCs, ii = 0.1 kT for all like beads pairs
(GG, M1M1) and GM1 is varied from 0.2-0.07 kT, thereby tuning the graft-matrix
interaction from being energetically favorable (GM1 = 0.2 kT), to athermal (GM1 = 0.1
kT), and finally unfavorable at GM1 = 0.09 kT and 0.07 kT. Thus, the LCST transition for
graft (PMMA) and matrix_1 (SAN) polymer chemistries with increasing temperature is
captured by decreasing GM1 in the model. Accordingly, PNCs with GM1 = 0.2 kT
correspond to PNCs at low temperatures in experiments (below LCST), while PNCs with
GM1 = 0.1 kT and GM1 = 0.07 kT correspond to PNCs at intermediate and high
temperatures in experiments, respectively. In the case of ternary PNCs, the GG and
M1M1 bead pairwise interactions were similar to the binary PNCs. With G and M2 beads
representing the same chemistry, the ij for all G bead pairwise interactions were identical
to M2 bead pairwise interactions (i.e., GG = M2M2 = 0.1 kT, GG = GM2 = 0.1 kT, GM1 =
M2M1). Lastly, all pairwise interactions involving the nanoparticle (with pairs ij = PP, PG,
PM1, and PM2) were modeled as purely repulsive using the Weeks Chandler Andersen
(WCA)31 potential with ij = 0.5 kT and ij equal to the mean diameter of ij beads pairs.
Parameters Varied. The relative lengths of graft and matrix polymer chains were based
on relative molecular weights for PMMA and SAN polymers used in experiments (Table
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S1). We selected NG = 15 and NM1 = 75 for both binary and ternary cases. In the case of
ternary PNCs, the matrix polymer was composed of two types of polymer matrix chains:
NM1 = 75 and NM2 = 15. The size of the nanoparticle, DP = 5 , and surface grafting
density of graft polymer chains,  = 0.76 chains/ 2, were maintained constant for all
PNCs. We note that in the computations, the above choices of particle diameter and graft
and matrix chain lengths were smaller than those in experiments, but maintained a similar
ratio of matrix to graft chain length, particle curvature, and grafted monomer crowding as
in the case of experiments (see Table S1). For all cases, the fraction of any volume
occupied by particle, graft and matrix (M1 and/or M2) beads is kept at  = 0.36; this
packing fraction approaches the behavior of an incompressible melt-like polymer matrix.
PNC composition was defined in terms of two parameters; the grafted NP filler fraction,
and the matrix_2 volume fraction

=

. For binary and ternary PNCs, the SAN polymer
matrix volume fraction is 1

.

Molecular Dynamics (MD) Simulations. The LAMMPS32 package was leveraged to
perform the MD simulations with the CG model for PNCs (vide supra). For all
simulations, the starting configuration consisted of a nanoparticle of size DP = 5 grafted
with 60 chains, leading to a grafting density of 0.76 chains/ 2. The grafted chains were
relaxed from the starting configuration during a short simulation run with all (GG and
PG) interactions set as purely repulsive using the WCA potential. The relaxed grafted
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nanoparticle configuration was placed in a large box ( ~ 0.006), with
with matrix chains with the desired composition defined by the

= 0.01, along
value. The large

simulation box volume allowed mixing of graft and matrix chains in the NVT ensemble
for 5 x 106 time steps, at a reduced temperature of T* = 1 maintained using the NoseHoover33,34 thermostat with a damping time of 1 . In this mixing stage, the equations of
motion were integrated using the velocity Verlet algorithm with time step

= 0.001 .

The cubic simulation box was then shrunk isotropically in all three dimensions over 2 x
106 time steps to achieve a final simulation box volume packing fraction of  = 0.36. At
the final box size, PNC configurations were further equilibrated for 1 x 107 time steps
with

= 0.005 , and equilibrated configurations were then used to generate production

run configurations every 105 time steps for an additional 2 x 107 time steps to perform
structural analyses.
MD simulations of a single grafted nanoparticle in a polymer matrix with a low
= 0.01 were performed with
length NM1 = 75) to

ranging from 0 (binary case with matrix chain

0.043 and 0.1 (ternary cases with a low volume fraction of

matrix_2 chains similar to matrix_2 composition used in experiments, see Table S2). An
additional case of

= 0.99 ( 1) corresponding to a binary PNC case with the matrix

entirely composed of matrix_2 chains of length NM2 = 15 (and

= 0) was run as well.

Additionally, for PNC cases of experimental relevance with higher grafted filler fractions
of

0.039, 0.079 and 0.205 and with aforementioned

values, Polymer

Reference Interaction Site Model (PRISM)35 theory calculations described below were
performed. This combination of MD simulations and PRISM theory enables calculation
91

of structure factors at large length scales (i.e., at small scattering wave vector, q) with a
significantly lower computational expense than MD simulations by eliminating the need
to run large system sizes of multiparticle PNCs with high

. Furthermore, unlike MD

simulations, PRISM theory results are devoid of artifacts arising from chosen simulation
box/system sizes and/or kinetic trapping effects.
Polymer Reference Interaction Site Model (PRISM) theory. Polymer Reference
Interaction Site Model (PRISM)35–37 theory is a liquid-state theory that describes
structure in polymer solutions and melts using the Ornstein-Zernike38 like mathematical
form:
(4.3)
Here,

is an N x N matrix comprised of the total intermolecular pair correlations,
is an N x N matrix comprised of direct pair correlations, and

is an N x N

matrix comprised of intramolecular pair correlations. N is the number of interaction site
types, which in this study can be 3 or 4 types of interaction sites corresponding to
particle, graft, matrix_1 and/or matrix_2 beads depending on the chosen matrix
composition (

= 0, 0.043, 0.1 and 1) for PNCs. Although graft and matrix_2 beads

refer to the same chemistry (PMMA), they are designated as separate types of interaction
sites since the intramolecular correlations for tethered graft chains are expected to be
significantly different from matrix_2 chains.
The intramolecular pair correlation matrix,

, given as an input to PRISM

theory, is composed of intramolecular structure factor elements,
XY in each molecule. At any PNC grafted filler fraction (
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for site pairs
0.039,

0.079

and

0.205) and matrix_2 filler fraction (

0, 0.043, 0.1, 1),

approximated35 from single particle PNC MD simulations at low

was
0.01 and low

0.043 as follows:

(4.4)

where NX and NY are the total number of interaction sites of type X and type Y,
respectively, within the same molecule, and rij is the inter-site distance.
The PRISM equation is numerically solved for total intermolecular pair correlation,
and direct pair correlation matrix,
direct site correlation function,
interaction potential,

. Each element of the

matrix is a pairwise

expressed using a closure equation, in terms of the

and the total intermolecular pair correlation,

, of any site

pair XY. For particle-particle pair, hypernetted chain closure (HNC)39,40 was used as
follows:
, r > DP

(4.5)

For the remaining site pairs, XY (GG, GM1, GM2, M1M1, M1M2, M2M2, PG, PM1,
and PM2), Percus Yevick (PY)35,37,41,42 closure was used as

(4.6)

with dXY equal to the mean diameter of sites X and Y.
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For a given input, the output in the form of pairwise total intermolecular correlations for
all pairs of sites, in real and Fourier space was obtained upon numerically solving
equations (3), (5) and (6) using the pyPRISM43 package.
Analyses. The spatial arrangement of graft, matrix_1 and matrix_2 beads as a function of
distance from the particle surface was quantified from configurations sampled in MD
simulation trajectories in the form of concentration profiles defined as
(4.7)
where refers to the bead type (G, M1, or M2) and ni refers to the number of beads of
type within a shell volume of thickness

at a distance

from the grafted nanoparticle

surface. To plot the graft and matrix concentration profiles,
at

= 0 (surface) for graft beads and

at

beads. This normalized fraction is denoted as

=

was normalized with

(bulk) for matrix_1 and matrix_2
and

for graft and

matrix beads, respectively.
The thickness of the graft polymer layer on the nanoparticle surface was
quantified by calculating the ensemble averaged grafted brush height,

from the MD

simulation configurations, defined as

(4.8)

with ri equal to the distance of an -th graft polymer bead from the surface of the particle
and nG equal to the total number of graft polymer beads on the particle (i.e., NG times the
number of graft chains on the particle). All quantities from MD simulations are reported
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as block averages obtained from 4 blocks of 50 configurations each and the error bars are
standard deviations in the average values of the 4 blocks.
The structural output from PRISM theory calculations include the total intermolecular
correlation matrix,

with the elements of the matrix

converted to real space counterparts,
in real space,

for a site pair XY

. The intermolecular pair correlation function

is calculated from

as follows
(4.9)

In Fourier space, the structure factor matrix,

is obtained using

and

as
(4.10)

The elements of the structure factor matrix include the particle-particle structure factor,
SPP(q), and graft-graft structure factor, SGG(q).
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4.3 Results and Discussion
4.3.1 As-Cast Binary and Ternary Polymer Nanocomposites
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Figure 4.1. Representative cross-sectional TEM micrographs of ultramicrotomed ascast (a) binary (PMMA-NP/SAN) and (b) ternary (PMMA-NP/SAN/PMMA) films as
a function of nanoparticle loading showing individually dispersed PMMA-NPs.
Image scale bars are 300 nm. Figures 4.1(c) and (d) show the corresponding 1D
SAXS profiles for the binary and ternary PNC films. The profiles are vertically
shifted for clarity.
Figures 4.1a and 4.1b show representative TEM micrographs of as-cast (i.e. room
temperature) binary and ternary PNC films as a function of composition, respectively.
The binary PMMA-NP/SAN polymer blend nanocomposites are denoted by A/B, where
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A and B represent the weight fractions of PMMA-NP and SAN, respectively. The ternary
PMMA-NP/SAN/PMMA PNCs are denoted by A/B/C, where A and B are the weight
fractions of PMMA-NP and SAN from the binary PNCs, and C is the weight fraction of
the PMMA compatibilizer with respect to the total amount of polymer (PMMA-NP,
PMMA, and SAN). This notation is adopted to more easily compare the two systems.21
The images reveal that the films exhibit remarkable dispersion of particles with little to
no clustering. The lowest loadings of particles (5/95 and 5/95/5) result in average centerto-center interparticle distances (ID) of ca. 70 nm, as determined through image analysis
using ImageJ. The IDs decrease rapidly as the weight percent of NPs increases, resulting
in a value of ca. 30 nm at the highest loadings (50/50 and 50/50/5). Transmission SAXS
was utilized as a second method to confirm dispersion and to measure the center-tocenter NP correlation lengths. As shown in Figures 4.1c and 4.1d, a scattering peak
occurs at progressively lower q values as particle loading decreases. The relative
magnitude of each peak decreases as loading decreases, consistent with the reduced
scatterer populations (scattering at compositions of 5/95 and 5/95/5 was too weak to
produce any discernable peak). IDs extracted from hard sphere structure factor fits to the
data were ca. 70 nm (q ~ 0.009
0.015

) at 10 wt.% NPs and decreases to ca. 42 nm (q ~

) at 50 wt.%. These values are in good agreement with those obtained through

autocorrelation functions of each TEM micrograph (Figure A.6). For instance, the lowest
loadings of particles results in no correlation peak, while the highest loadings (50 wt.%)
exhibits an average center-to-center ID of ca. 45 nm. For NPs that are randomly
distributed in the polymer matrix, the theoretical ID is given by44,45
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(4.11)
where dm is the mean diameter (15.5 nm),

is the volume fraction of NP cores, and

is the NP polydispersity (Equation A.2). The ID measured here is consistent with the
theoretical predictions, indicating that the as-cast PNC films are homogeneous and
mixing between the grafted NP and matrix polymers is thermodynamically favorable
(Figure A.7).
4.3.2 Phase Separation in Binary and Ternary Polymer Nanocomposites
To probe differences in mixing/demixing behavior of the binary and ternary PNC,
phase diagrams are mapped out as a function of temperature and composition. Starting
with the well dispersed NP systems at room temperature, the films are annealed between
155°C and 195°C and analyzed using a combination of cloud point observations, TEM,
and SAXS. The phase diagram of the binary PNC serves as a reference system and is
determined by monitoring the cloud point transitions of ca. 2 μm bulk films (Figure A.8).
The films transitioned from transparent to opaque with increasing annealing temperature,
with a lower critical solution temperature (LCST) of

160°C, consistent with

PMMA/SAN blends studied by Newby, et al.46 This behavior demonstrates that PMMA
grafted nanoparticles (

0.7 grafts/nm2) in a SAN matrix exhibit enthalpic interactions

comparable to the PMMA/SAN blend. Specifically, the large grafting density of PMMA
chains shields the NP core such that core-core interactions are effectively screened. The
PNC morphology is therefore dictated by the thermodynamic behavior of PMMA and
SAN rather than NPs’ core-core interactions. While this binary PNC behavior is not
new,13,14 the effect of adding a third component on phase separation is still unknown.
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Here, we add the identical polymer as the brush, namely PMMA, at a fixed composition
(5 wt.%), and match their molecular weights (Mw,

PMMA

= Mw,

PMMA-NP).

We can then

make direct comparisons between the interactions of SAN matrix and grafted PMMA
versus free PMMA chains.14 Similar to the binary PNC, cloud point measurements (not
shown here) were performed on the ternary PNC to determine the phase diagram.
Interestingly, cloud point observations suggest a slight increase in miscibility for
compositions of 5/95/5 and 10/90/5 where PMMA-NPs are the minority component.
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A more quantitative characterization of PNC phase evolution can be obtained
from TEM and SAXS. Figure 4.2 depicts representative TEM images of binary PNCs at
varying compositions: PMMA-NP/SAN = 5/95, 10/90, 25/75, and 50/50 after 24 hours of
annealing at the respective temperatures. At temperatures below the optically determined
phase boundary of

160°C, the TEM micrographs reveal that the overall distribution of

NPs is homogeneous as shown by the morphologies outlined by the solid teal boxes.
Notably, there are several dispersed NP clusters within the one-phase region. This
suggests that the potential of mean force between two particles is not purely repulsive and
slight aggregation occurs at

, similar to what has been seen previously.47,48

However, as the samples are quenched into the two-phase region, macro-phase separation
readily occurs as shown by morphologies outlined by the dashed blue boxes. The degree
of phase separation appears to increase with temperature, which is expected based on the
increased mobility of the constituents and deeper quench depth. Interestingly, discrete NP
domains are formed for 5/95 and 10/90 off-critical compositions, whereas the 25/75
system qualitatively exhibits string-like and more connected domains. The 50/50 system
exhibits a bicontinuous morphology, similar to the previously reported PMMA/SAN
blend.46,49 Within domains of NP aggregates, the average center-to-center ID is ca. 28 nm
as quantified through image analysis. 50/50 samples were also annealed for 72 h in order
to confirm that the 24 h annealing times were sufficiently long to reach quasi-equilibrium
morphologies, (Figure A.9). Specifically, after annealing in the one-phase region, no
discernable difference in PNC morphologies is observed at 24h and 72h. Likewise, when
annealed in the two-phase region, the aggregate domain size only slightly increases after
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72 h compared to 24 h. This comparison indicates that 24 h is sufficient to distinguish
between one-phase and two-phase morphologies in the binary and ternary PNCs.

Figure 4.3 shows cross-sectional TEM micrographs for ternary compositions
analogous to the binary systems shown in Figure 4.2 after 24 h of annealing at the
indicated temperatures. For 5/95/5 films, particles remain dispersed at temperatures up to
180°C. At temperatures of 185°C and higher, the uniform distribution of NPs becomes
disrupted, and the NPs form discrete aggregates that increase in size as temperature
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increases. Similarly, 10/90/5 films exhibit macro-phase separation into discrete domains
at temperatures of 170°C. While comparable, the reduced domain size for the 10/90/5
composite compared to the 5/95/5 is attributed to the smaller thermodynamic driving
force and slower diffusivity at lower temperatures. The phase separation evolution of
PNCs near the phase separation temperature ( 160°C) and at intermediate compositions
(i.e., 25/75/5 and 50/50/5) show a transition from dispersed to aggregated, forming stringlike and bicontinuous morphologies, respectively.
While these trends for ternary composites are similar to the binary composite,
several interesting features emerge. Specially, off-critical compositions of 5/95/5 (180°C)
and 10/90/5 (165°C) reveal, on average, uniformly distributed particles and clusters of
much smaller size compared to their binary counterpart. At 180°C, 5/95/5 ternary
composites exhibit significantly less aggregation compared to the binary analogue
(Figure A.10). This aggregation suppression is also observed in the 10/90/5 case, but less
pronounced. Compositions approaching the critical composition show no appreciable
difference in miscibility upon addition of linear PMMA, similar to what was observed in
the cloud point transitions.
We performed SAXS measurements on the annealed PNCs in parallel with TEM
to further quantify the length scales of phase separation as a function of temperature and
NP loading. Figure 4.4a shows the 1D scattering intensity as a function of wavevector for
a representative 25/75 wt.% binary PNC (data for other compositions are in Supporting
Information). The background-subtracted 1-dimensional scattering intensities were
modeled using two scattering contributions to represent isolated/paired NPs and
102

aggregated NP clusters (see Supporting Information). We first consider the scattering
profile for the as-cast samples, which shows a single, weak scattering feature near

~

0.0123 Å-1. This represents the average center-to-center interparticle distance (51 nm)
which is greater than the diameter of a single grafted NP. This observation is consistent
with well-dispersed NP cores, in agreement with TEM images in Figure 4.1. However,
after annealing, we observe the emergence of two separate scattering features; one at
higher , and one at lower . The peak position of the higher
unchanged at higher temperatures, while the lower

feature remains relatively

feature increases in intensity while

also moving to even smaller values. Modeling of the data indicates that the higher
feature represents the average center-to-center interparticle distance, which initially
(slightly) decreases with increasing temperature, and eventually becomes well defined as
the PMMA-NPs aggregate at elevated temperatures. The lower

feature represents the

scattering between the small nanoparticle clusters as seen in Figures 4.2 and 4.3, which
continue to grow at elevated temperatures as smaller clusters coalesce. Both of these
observations indicate a phase transition between

150-160°C, commensurate with

observations from TEM. The scattering feature representing the aggregated NPs can be
used to determine the average size of a single ‘cluster’ of NPs. For the binary composite
at 5, 10 and 25 wt.%, Figure 4.4b shows how the average cluster radius of gyration (Rg)
increases as temperature increases, consistent with an increase in the thermodynamic
driving force for phase separation. For example, at 25 wt.%, Rg increases by more than a
factor of two as temperature increases from 150°C to 170°C. There is also a significant
increase in the cluster size as the NP loading increases from 10 wt.% to 25 wt.%,
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consistent with a smaller as-cast interparticle distance at higher loading (cf. Figure A.7).
Namely, because NPs are initially closer to one another at higher loadings, larger
aggregates are easier to form for the same annealing times.

Figure 4.4. (a) 1D SAXS profiles of 25/75 wt.% binary PMMA-NP/SAN films annealed
at the indicated temperatures for 24 h. Figure 4.4b shows the corresponding average
nanoparticle cluster radius of gyration as a function of temperature obtained through
SAXS modeling. Figure 4.4c shows 1D SAXS profiles for the 25/75/5 wt.% ternary PNC
under identical annealing conditions to those in (a). A direct comparison of the average
aggregate size as a function of temperature for (a) and (c) is shown in Figure 4.4d. The
1D SAXS profiles are vertically shifted to avoid overlap and more clearly track
evolutions in scattering peaks.
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It is important to note that even at temperatures below the LCST (160°C), a
shoulder can be observed in the scattering intensity (Figure 4.4a) at q values close to the
aggregate ID. Based on the TEM micrographs in Figure 4.2, we interpret this as the
formation of small NP clusters when

even though macro-phase

separation is not thermodynamically favorable. Annealing the samples above their glass
transition allows the NPs to diffuse more readily, leading to the formation of small
clusters due to the short-range attractive forces between the particles noted earlier.
Noticeably, the measured ID (28 nm) for the center-to-center interparticle distance is
slightly less than the diameter of the PMMA-NP, suggesting that PMMA brushes are
weakly interpenetrating with one another at elevated temperatures.
Figure 4.4c shows scattering data for the PMMA-NP/SAN/PMMA ternary
composite at identical NP loadings as the binary system shown in Figure 4.4a. Modeling
of the data reveals two notable differences between the binary and ternary systems. First,
the high-

scattering feature is at slightly smaller q-values in the ternary PNC than in the

binary one at 170°C (0.024 Å-1 vs. 0.026 Å-1, respectively). This is attributed to less
PMMA brush interdigitation and a lower degree of brush collapse, indicative of a slightly
more miscible PNC. Second, the average NP aggregate size is smaller in the ternary
composite than in the binary case. This reduction in cluster size is substantially more than
what one could surmise from a simple dilution argument through the addition of the
ternary component. Figure 4.4d compares the aggregate size as a function of temperature
for the binary (black squares) and ternary (red squares) systems. Here, it is worth noting
that in addition to smaller aggregate sizes, the difference between aggregate sizes of the
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binary and ternary PNCs increases as the temperature increases. The addition of only 5
wt.% PMMA homopolymer decreases the average aggregate size by as much as a factor
of two at 170°C, indicating a suppression in aggregation and an increase in PNC
miscibility.

Figure 4.5. Phase diagrams of binary PMMA-NP/SAN and ternary PMMANP/SAN/PMMA nanocomposites. The ternary composites exhibit increased miscibility
in off-critical compositions. The solid lines have been drawn to guide the eye.
Figure 4.5 shows a phase diagram for both binary and ternary composites
constructed by compiling cloud point, TEM, and SAXS results. Near the critical
temperature, the binary phase diagram is relatively flat between 20 wt.% and 50 wt.%
PMMA-NP and increases sharply below 10 wt.% and above 63 wt.%. Accounting for the
polydispersity of SAN, this behavior is consistent with other blends containing a
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polydisperse component.50 From the observed phase separation behavior, the addition of
linear PMMA increases the miscibility of the binary PMMA-NP/SAN system at the most
off-critical compositions (i.e., 5/95/5) by as much as 10°C. To begin to understand this,
we recall the work presented by Schmitt et al., who studied a binary system of silica
particles grafted with polystyrene (PS) and PMMA ligands with an upper critical solution
temperature (UCST). They demonstrated that the specific ligand interactions in mixtures
of these polymer-grafted nanoparticles imparts similar phase behavior as in analogous
linear polymer blends, similar to our findings for PMMA/SAN systems.13 While general
trends in phase behavior between the two systems were alike, distinct differences were
recognized. Specifically, the binary PNC demonstrated increased miscibility and slower
kinetics of domain growth as compared to the neat polymer blend. The apparent increase
in miscibility was rationalized as a consequence of a reduced thermodynamic driving
force for phase separation attributed to fewer unfavorable segmental interactions between
PMMA-PS ligands. Additionally, the presence of NP cores resulted in a smaller number
density of segmental contacts.13 Here, it is important to reiterate that these segmental
interactions are unfavorable due to the systems UCST behavior. Therefore, the UCST
work by Schmitt and co-workers is consistent with the presented LCST work thus far,
with our results demonstrating that the addition of linear PMMA reduces aggregation of
PMMA-NPs and increases miscibility. We attribute this phenomena to an interfacial
compatibilization between the SAN matrix and grafted PMMA brush due to localization
of the free PMMA chains. The addition of linear PMMA increases the number of
favorable segmental contacts between each chemical species and therefore reduces the

107

thermodynamic driving force for phase separation (parsing of the specific enthalpic and
entropic contributions to this will be discussed later). Importantly, this miscibility
increase was only observed for 5/95/5 and 10/90/5 off-critical compositions. These
experimental observations will be supported by PRISM calculations and MD simulations
(vide infra).
The improved miscibility from homopolymer compatibilization can be understood
from a simple geometric model that considers the interaction between the free and grafted
PMMA chains. Under the assumption that the free PMMA chains are Gaussian coils with
a pervaded volume described as spheres, the number of chains needed to cover the
surface area of a PMMA-NP can be directly calculated.51 As shown in Figure 4.6, two
regimes are considered: (1) PMMA chains wetting the PMMA brush (wet brush state)
and (2) PMMA excluded from the PMMA brush layer (dry brush state). For the wet
brush case, ca. 650 homopolymer chains are needed to completely cover a PMMANP/matrix interface, whereas ca. 740 chains are needed for the dry brush state. The total
number of available PMMA homopolymer chains for compatibilization at a constant 5
wt.% loading can be calculated. Under wet brush conditions, the ratio of required to
available PMMA chains for the 5/95/5 composite is approximately 1:1. As the
composition of the films increases to higher loadings of PMMA-NPs, the ratio decreases
to 2:1, 4.5:1, and 9:1 for 10/90/5, 25/75/5, and 50/50/5 films, respectively. While similar,
the ratios derived for the dry brush regime are smaller given that more PMMA
homopolymer is needed to shield the NP surface. Due to the small amount of PMMANPs in 5/95/5 films, the proposed scaling model suggests that a 5 wt.% addition of
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PMMA is sufficient to compatibilize the PMMA-NP/SAN system. Specifically, at low
loadings of PMMA-NPs, there is sufficient PMMA homopolymer to completely wet the
PMMA brush layer, and the resultant phase behavior is dictated by the PMMA
homopolymer and SAN interactions. However, as the concentration of NPs increases, 5
wt.% of PMMA becomes insufficient to completely shield the PMMA brush from the
SAN matrix, and the phase behavior is dictated by the brush/matrix interactions as
demonstrated by the aforementioned ratios. This behavior is captured by our
experimental findings shown in Figure 4.5 where the highest miscibility increase
occurred in 5/95/5 films, and progressively decreased with particle loading.

Figure 4.6. This cartoon illustrates two possible scenarios of linear PMMA covering the
surface the PMMA-NPs. Case one (a) assumes that linear PMMA chains wet the PMMANP brush layer. Case two (b) adopts both PMMA-NPs and linear PMMA as hard spheres,
resulting in complete exclusion of PMMA chains within the brush corona.
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4.3.3

Comparing Computations and Experiments

Figure 4.7.

(a) Particle-particle structure factors, SPP(q), obtained using PRISM

theory for PNCs with

PGP

= 0.205,

GG =

M1M1 =

NM2 = 15, Σ = 0.76 chains/d2 and (left to right)
0.09 kT and

GM1

0.1 kT, DP = 5d, NG = 15, NM1 = 75,

GM1

= 0.2 kT,

= 0.07 kT. The binary PNC case with

line and the ternary case with

M2

M2

GM1

= 0.1 kT,

GM1

=

= 0 is shown as a black

= 0.043 (5 wt.%) is shown as a red dashed line. (b)

Corresponding particle-particle structure factors, S(q), obtained using SAXS for 25/75
wt.% PNCs.
The compatibilization effect of the added PMMA chains in the ternary PNCs can
be systematically investigated using molecular dynamics simulations and polymer
reference interaction site model (PRISM) theory serving as computational comparison to
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the experimental results. As a reminder, in the model the notation graft (G) and matrix_2
(M2) refer to grafted PMMA and free PMMA matrix chains, and matrix_1 (M1) refers to
the SAN matrix chains in experiments. The choice of the graft-matrix_1 (
graft (

, and matrix_1-matrix_1

attraction strengths at a constant

, graftand

of 0.1 kT in our model dictates whether the modeled PNC exhibits net favorable
interactions (i.e. below the LCST), effectively athermal interactions, or net unfavorable
interactions (i.e. above the LCST). Figure 4.7a shows a series of particle-particle
structure factors calculated using PRISM theory for PNCs with decreasing values of
; the corresponding structure factors from experiments at increasing temperatures
are also shown in Figure 4.7b. The SPP(q→0) for binary (black solid lines) and ternary
(red dashed lines) composites at

T, corresponding to low temperatures in

experiments, shows no upturn, suggesting absence of macrophase separation and
confirming that the nanoparticles remain relatively well-dispersed. This agrees with the
experimentally obtained structure factors for systems below the LCST (Figure 4.7b). For
the binary and ternary composites at

= 0.1 kT, there is a distinct increase in both the

value of SPP(q→0) as well as the slope of SPP(q) at low q values as compared to the PNCs
with

. Furthermore, both PNCs with

= 0.09 kT and 0.07 kT show an

upturn when SPP(q→0), which is consistent with the shapes of the structure factors
obtained from experiments performed at higher temperatures where phase separation
occurs. These results confirm that decreasing values of

at constant

and

in

the CG model qualitatively captures the behavior in experiments with increasing
temperature. This CG model can thus be used in MD simulations and PRISM theory to
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probe and explain the hypothesized compatibilization observed experimentally in the
ternary PNCs. Whereas the amount of PMMA in ternary PNCs is kept at 5 wt.% for the
experimental systems, MD simulations and PRISM theory allow us to systematically
investigate the effect of increasing the PMMA matrix volume fraction,

, on the

structure of the grafted chains and the bulk PNC morphology. In both theory and
simulations, the PMMA matrix volume fractions of

and

.043

correspond to the binary and ternary (5 wt.% PMMA) PNC cases in experiments,
respectively. Additionally, we also show here the results for a higher
the limiting case of

case of 0.1 and

(binary PNC with PMMA grafts and chain length matched

PMMA matrix) to elucidate the effect of increasing PMMA volume fraction on structure.
In Appendix A we present the results for ternary PNCs for all

ranging from 0 to 1.

First, we use MD simulations to see if we observe compatibilization by
quantifying the grafted layer structure and the extent of interpenetration of the matrix_1
and matrix_2 chains into the grafted layer. In binary PNCs (with

= 0) when GM1 =

0.2 kT, the net interactions between the graft and matrix_1 (SAN) chains are favorable.
However, the matrix_1 chain length is much greater than the graft chain length (i.e., NM1
= 75 > NG = 15), which leads to entropic driving forces disfavoring graft-matrix_1
interpenetration due to a large loss in conformational entropy of long matrix chains upon
wetting the grafted layer. In ternary PNCs with graft and matrix_2 chains being
chemically identical and equal in lengths (i.e., NM2 = NG = 15), the shorter matrix_2
(PMMA) chains have a higher entropic driving force to wet the grafted layer than the
enthalpically favored longer matrix_1 (SAN) chains. Thus, it is non-intuitive as to which
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of these two competing factors dominate. Using concentration profiles of the graft,
matrix_1 and matrix_2 chains calculated in MD simulations, we can understand how
these two competing forces dictate compatibilization at different

.

Figure 4.8. Concentration profiles for graft, G (a, b, and c) and matrix_2, M2 (d, e, and f)
beads as a function of distance from the particle surface, r[in units of d] using MD
simulations for PNCs with

GM1

= 0.2 kT (a, d),

GM1

= 0.1 kT (b, e) and

GM1

= 0.07 kT

(c, f). Colored lines represent varying volume fractions of matrix_2 chains with

M2

=0

(black line),

M2

1

M2

= 0.043 (red dashed line),

M2

= 0.1 (dark red dotted line) and

(gray line). The legend in part (a) applies to all parts in this figure. These results are for
GG =

M1M1 =

0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, Σ = 0.76 chains/d2 and

PGP

= 0.01. The error bars have been obtained from block averages of 4 blocks of 50
configurations each, sampled in a simulation run.
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Figure 4.8 shows normalized concentration profiles of the graft (PMMA) and
matrix_2 (PMMA) polymers as a function of radial distance from the NP surface for
decreasing values of GM1. At the highest GM1 value (low temperature) (Figure 4.8a) the
concentration of graft chains in both binary and ternary PNCs with

0.1 are similar.

This suggests that adding low amounts of PMMA (matrix_2 does not alter the spatial
arrangement of graft polymers around the particle when GM1 is high and
However, when

is low.

= 1, the concentration of graft polymer at r ~ 1 - 4 is slightly

higher than in PNCs with

= 0 - 0.1. Furthermore, at this high GM1 value (low

temperature), the brush height at

= 1 is smaller than that at lower values of

(Figure A.12a). This is because at low

, the enthalpic driving forces between the

SAN matrix and PMMA graft in PNCs extend the graft polymer more than the favorable
entropic driving forces in PNCs with shorter PMMA matrix chains at

. As

increases we do not see a significant difference in matrix_1 bead concentration profiles
(Figure A.13). The concentration profiles of matrix_2 beads (Figure 4.8d) show that
increasing

from values of 0.043 to the limiting case of

1 (gray line) leads to

increased penetration of the matrix_2 chains into the grafted layer. This is because at
GM1 = 0.2 kT and at low

values, the favorable interactions between SAN polymer

(matrix_1) and PMMA grafts (graft) compete with the entropically driven penetration of
short PMMA matrix chains (matrix_2) to wet the grafted layer. Simulations of PNCs with
additional

values between 0 and 1 (Figure A.14d) show that the penetration of

matrix_2 chains into the grafted layer progressively increases with increase in
GM1 value.
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at this

As GM1 decreases to GM1 = 0.1 kT (Figure 4.8b and 4.8e), both the graft-matrix_1
and graft-matrix_2 interactions become comparable, and the entropic driving forces cause
matrix_2 chains to penetrate the grafted layer more than the long matrix_1 (SAN)
chains.52 Comparison of the matrix_2 concentration profiles in ternary PNCs confirms this
higher interpenetration at low values of GM1. In Figure 4.8e, the matrix_2 chain
concentration at the end of the grafted layer is slightly greater than that of the bulk. In
addition, the concentration of the matrix_2 chain is greater than the binary PNC case when
. This suggests that the free PMMA chains are localizing at the PMMA-NP/SAN
interface within the ternary PNCs. This effect is further amplified at GM1 = 0.07 kT
(Figure 4.8f) where the shorter and athermal matrix_2 chains have a higher concentration
near the grafted layer surface because matrix_1 (SAN) chains are not only longer than
graft chains (making it entropically unfavorable to interpenetrate the graft layer), but also
interact unfavorably with graft chains. The presence of this increased concentration of
matrix_2 near the grafted layer only at low values of GM1 (high temperature in
experiments) agrees with increasing compatibilization seen in experiments (see Figure
4.4d). Furthermore, Figure 4.8f and Figure A.14f show that this compatibilization effect in
ternary PNCs is better at

than at

0.4-0.8, based on the higher

values of normalized matrix_2 concentration at the edge of the grafted layer for ternary
PNCs with

than at

0.4-0.8; this suggests an optimal

concentration of matrix_2 chains for better compatibilization.
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Figure 4.9. Particle-particle pair correlation function, gPP(r), obtained using PRISM
theory for PNCs with
d),

GM1

PGP

= 0.1 kT (b, e) and

= 0.039 (a-c) and,
GM1

PGP

= 0.079 (d-f) with

GM1

= 0.2 kT (a,

= 0.07 kT (c, f). Varying matrix_2 volume fractions are

shown using colored lines with

M2

= 0.1 (dark red dotted line) and

M2

= 0 (black line),

M2

= 0.043 (red dashed line),

M2

1 (gray line). The legend in part (a) applies to all

parts in this figure and the insets in part c) and part f) have same axes labels as the main
plots. These results are for

GG

=

M1M1

= 0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15,

and Σ = 0.76 chains/d2.

116

Going beyond the MD simulation results of the graft/matrix interface at low
, PRISM theory calculations show the impact of varying the grafted nanoparticle
and PMMA compatibilizer loadings (
chosen

and

) on the PNC morphology. The

cases of 0.039 and 0.079 correspond to PNCs with 5/95 and 10/90 PMMA-

NP/SAN wt.% in experiments (see Table A.2), respectively. Figure 4.9 shows a series of
particle-particle pair correlation functions, gPP(r), as a function of
At GM1 = 0.2 kT (Figure 4.9a), as

and

.

increases, the gPP(r) shifts to lower particle

separation distances and exhibits a peak. This is because as

increases, the volume

fraction of matrix_1 chains that interact favorably with graft chains decreases, resulting
in a slight decrease in the brush layer thickness (seen in brush height values plotted in
Figure A.12) and smaller interparticle distances. This is also confirmed by corresponding
gPP(r) plots at intermediate

values between 0 and 1 shown in Figure A.15a.

At GM1 = 0.1 kT (Figure 4.9b), when the energetic interactions between both graft
and matrix_1 and graft and matrix_2 are same, the gPP(r) peak heights are larger than at
GM1 = 0.2 kT, indicating reduced particle dispersion. At this GM1, gPP(r) profiles are also
similar in PNCs with

0.1, where the majority of the matrix is made of the longer

matrix_1 chains. There is no difference between the gPP(r) profiles for the binary PNC
(

) and ternary PNC with low

. Figure A.15b shows that the gPP(r) peak

height gradually decreases with increasing

values since the volume fraction of the

longer matrix_1 chain is reduced relative to shorter matrix_2 chains in the PNC.
At GM1 = 0.07 kT (Figure 4.9c), the shapes of the gPP(r) exhibit stronger particle
aggregation than at higher GM1 and the gPP(r) peak heights for the ternary PNCs with
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= 0.043 and 0.1 are slightly smaller (see Figure 4.9c inset) than the binary case with
= 0. This indicates reduced aggregation of the particles in the ternary PNCs with low
than binary PNCs without the compatibilizer, as seen in experiments.
Upon increasing the grafted filler fraction to
find similar trends as those highlighted so far with

= 0.079 (Figures 4.9d-f), we
= 0.039 (Figures 4.9a-c).

Particularly, at higher temperatures with increasing loadings of matrix_2 chains (Figures
4.9f and A.15f), the grafted nanoparticles are more dispersed than the binary PNC with
= 0.
Taken together, the results in Figure 4.9 suggest that at low temperatures (below
the experimental LCST), the miscibility in ternary PNCs comprised of chemically
dissimilar graft (PMMA) and majority matrix (SAN) polymers with a small amount of
compatibilizer (chemically identical matrix (PMMA)) is greater than in binary PNCs with
no compatibilizer. This confirms the role of the PMMA chains in the ternary PNCs in
stabilizing the interface between graft and matrix chains. We note that at elevated
temperatures above the LCST for PMMA/SAN (or due to the generality of the model, at
temperatures below the UCST for a UCST graft-matrix system), the PNC miscibility in
ternary PNCs comprised of chemically dissimilar graft and majority matrix polymers
with a small amount of chemically identical matrix is lower than in a binary PNC with
chemically identical and chain-length matched graft and matrix polymers.
Lastly, we confirm that despite the differences between binary and ternary PNCs
in the particle-particle correlations elucidated by the gPP(r) in Figure 4.9, as seen in
experiments at high temperatures (Figures 4.2 and 4.3), we do not see major differences
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in the macroscale morphologies within the binary and ternary PNC with low

M2

4.10). The only differences we see between the binary and ternary PNCs at low

(Figure
M2

are

at high GM1 of 0.2 kT; for example, in Figure 4.10a, SPP(q→0) increases with increasing
M2

(

(also seen in Figure A.16a). The binary PNC containing only PMMA chains
exhibits a slight upturn at low q and has the largest SPP(q→0) magnitude. This

suggests that at high values of GM1, the favorable enthalpic interactions between graft
and matrix_1 chains in both binary and ternary PNCs serve to better disperse the NPs
than the purely entropic forces between graft and matrix_2 chains. At GM1 = 0.07 kT
(Figure 4.10c), binary and ternary PNCs with

= 0 - 0.1 all show a significant upturn

as q→0, which reflects NP aggregation.
Overall, results from PRISM theory and MD simulations support the experimental
observations that small amounts of matrix_2 (PMMA) chains serve as interfacial
compatibilizers between the PMMA graft and long matrix_1 (SAN) chains at high
temperature. This interfacial compatibilization reduces the particle-particle correlation
within aggregates likely explaining the reduction in cluster sizes of the nanoparticles at
high temperatures.
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'

Figure 4.10. Particle-particle structure factor, SPP(q) for PNCs with
and,

PGP

= 0.079 (d-f) with

GM1 =

0.2 kT (a and d),

GM1 =

PGP

= 0.039 (a-c)

0.1 kT (b and e) and

GM1 =

0.07 kT (c and f). Varying matrix_2 volume fractions are shown using colored lines with
M2

= 0 (black line),

M2

are for

M2

= 0.043 (red dashed line),

M2

= 0.1 (dark red dotted line) and

1 (gray line). The legend in part (a) applies to all parts in this figure. These results
GG =

M1M1 =

0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, and Σ = 0.76

chains/d2.
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4.4 Conclusions
In this study, binary and ternary phase diagrams were experimentally mapped
using a combination of cloud point observations, TEM, and SAXS for PMMA-NP/SAN
and PMMA-NP/SAN/PMMA composites, respectively. When compared, they illustrate
that the addition of a ternary component, namely, PMMA homopolymer to the binary
PMMA-NP/SAN composite, results in an increased miscibility window at low loadings
of grafted nanoparticles. The improved miscibility from the added homopolymer can be
understood as a result of an interfacial compatibilization between the SAN matrix and
grafted PMMA brush due to the PMMA homopolymer localization. A simple geometric
model is presented that predicts the extent of homopolymer compatibilization based on
the relative loadings of each constituent. In addition, using PRISM theory calculations
and MD simulations, the compatibilization effect of the added PMMA chains is
systematically probed and compared to the experimental results. Importantly, MD
simulations confirm the role of the PMMA chains in stabilizing the interface between
graft and matrix chains in ternary PNCs. Additionally, PRISM theory results predict that
the extent of compatibilization can be further tuned by varying the composition of the
ternary PNCs. The generality of this compatibilization effect should apply to any PNC
where the compatibilizer wets the grafted nanoparticle such that it reduces the interfacial
energy between the binary constituents.

Further, we hope that these results motivate

further experimental and theoretical studies aimed at exploring the entire parameter space
(i.e. molecular weight, grafting density, composition, etc.) in ternary nanocomposites to
determine the parameters that yield the greatest improvement in miscibility. This study
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serves as a guideline to facilitate PNC miscibility at elevated temperatures, which is a
critical parameter in designing technological applications, such as organic devices, that
operate at high temperatures.
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CHAPTER 5
SURFACE-ENRICHMENT OF POLYMER GRAFTED NANOPARTICLES IN A
MISCIBLE POLYMER NANOCOMPOSITE
Content in this chapter will be submitted in 2021 to ACS Macro Letters, with authors
Shawn M. Maguire, John Derek Demaree, Michael J. Boyle, Austin W. Keller, Connor
R. Bilchak, Cherie R. Kagan, Christopher B. Murray, Kohji Ohno, and Russell J.
Composto
5.1 Introduction
Polymer nanocomposite (PNC) applications as well as their thermodynamic and
dynamic behavior have received significant attention over the last decade because they
offer unique synergistic properties, however, they still require new fundamental
understanding beyond analogous polymer blend systems. Their applications includes
improving the permeability and selectivity of gases in PNC-based membranes,1–4
incorporating inorganic nanofillers into a polymer matrix to enhance the mechanical and
physical properties of PNCs,5–12 as well as adding nanoparticles (NP) to a spinodally
decomposing polymer mixture to arrest the morphology and create bicontinuous particlestabilized emulsions (i.e., bijels), materials that lend themselves to drug delivery,
filtration, or even electrodes for batteries.13–22 In each application, the properties of the
PNC are directly correlated with the spatial distribution of the nano-fillers within the
polymer host, which is dictated by the overall phase behavior of the nanocomposite.
Historically, research has focused on controlling the bulk thermodynamic interactions
between NP and polymer to control the phase behavior. This includes grafting polymer
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ligands to the NP surface, which can be tailored to interact either favorably or
unfavorably with the polymer host depending on the complex interplay between entropic
and enthalpic interactions. While this interplay can lead to bulk PNC morphologies such
as well-dispersed, phase-separated, stringed, connected sheets, and small clusters of NPs,
research focusing on controlling the surface morphologies of these PNCs is relatively
nascent. Importantly, control over the surface composition of a PNC is relevant for
materials requiring surface functionality that is decoupled from the bulk. Such examples
include self-healing interfaces and surfaces,23 hierarchical structured 3-D nanocomposites
for plasmonic applications,24 and nanoparticle surface-enriched polymer composite
scaffolds to promote bone repair.25
Recently, grafted NPs have been shown to migrate to the free-surface and
substrate interfaces in an athermal PNC, whereas the degree of segregation depends on
the NP size and the relative molecular weights of the graft (N) and host (P) polymers.
This preferential segregation of NPs is entropic in origin and arises from the preference
of chain ends over “mid-monomers” at the interfaces. In the case of P

N, the longer,

linear polymers experience a much greater conformational entropy loss when pinned at
an interface compared to the shorter, grafted polymer chains due to a smaller ratio of
chain ends to mid-monomers.26 Surprisingly, it has been shown through neutron
reflectivity experiments that grafted NPs will segregate to the interfaces of an athermal
PNC even within the P/N regime of complete miscibility.27 Despite the different
architectures, similar surface segregation behavior has been demonstrated in thin films of
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nearly athermal blends of linear and branched polymers, attributed to comparable
entropic constraints.26,28,29
While both theoretical and experimental evidence has shown that this entropic
effect favors grafted NPs to segregate to the surface and substrate interfaces in an
athermal PNC film, the more complicated case of polymer grafted NPs that are
chemically distinct from the host polymer remains less well understood. This behavior is
of particular importance because most functional PNCs incorporate dissimilar graft and
matrix polymers, thereby making our understanding of the phase behavior of these binary
PNC mixtures crucial in the design of functional materials. Important to this, it has been
demonstrated in A:B homopolymer blend films, where A and B are miscibile, that the
free-surface will generally be enriched by the lower surface energy component. Here, the
difference in surface energies between A:B polymers allows the system to lower its total
free energy by increasing the surface concentration of the lower-energy component.30,31
In these miscible blends, the surface-energy induced driving force for surface enrichment
is opposed by the bulk thermodynamics of the system, namely the Flory-Huggins
interaction parameter, χ, which encourages mixing of A and B. The balance between
these two competing forces is responsible for the degree of surface enrichment (i.e.,
surface composition deviation from the bulk), as well as width of the surface layer.30–34
For immiscible blends, these same parameters dictate wetting behavior during phase
separation, which is demonstrated in binary PNCs in Chapter 6.35
In this chapter, we show that the surface of a miscible PNC of poly(methyl
methacrylate) grafted silica NPs (PMMA-NP) and poly(styrene-ran-acrylonitrile) (SAN)
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is enriched with PMMA-NPs and, for the first time in a miscible binary PNC mixture,
that the extent of enrichment can be quantified. The areal density of NPs is measured by
AFM and found to saturate at a value of 517 NP/nm2, significantly greater than the ascast value but less than that observed upon annealing in the two-phase region. Crosssectional TEM shows a near monolayer of NPs at the free-surface. Using GI-RBS, the
surface excess of PMMA-NPs is measured and found to saturate at 4.1 nm which is about
50% less than the value observed for the same PNC in the two-phase region. Using the
phase diagram, the Flory-Huggins interaction parameter, and the surface-energy
difference (

) between PMMA and SAN (see chapter 4 and Appendix B),35,36 the

surface enrichment for a PMMA:SAN blend is calculated and found to be much less than
that measured experimentally for PMMA-NP:SAN. This experimental study serves as a
basis for new theory that incorporates the appropriate bulk thermodynamic contributions
to the free energy.

5.2 Experimental Procedures
Materials and methods. Refer to chapter 3.
5.3 Results and Discussion

134

To begin probing the surface enrichment of PMMA-NPs, atomic force
microscopy (AFM) was used to track the particle number density at the surface as a

Figure 5.1: Surface morphology evolution of 25/75 wt.% PMMA-NP/SAN. AFM
height images of (a) as-cast and (b) annealed film at 150°C after 72 hr (4320 min).
The insets are autocorrelation functions of the AFM images, revealing lower values of
interparticle separation upon annealing. Additionally, the root-mean-square roughness
indicates a smoother PNC surface upon annealing. (c) Increase in the NP number
density upon annealing at 150°C, 170°C, and 190°C as a function of annealing time.
150°C is in the one-phase region of the PMMA-NP/SAN phase diagram while 170°C
and 190°C are in the two-phase region.
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function of annealing temperature and time. Figures 5.1a and 5.1b show representative
AFM images of the PNC surface with the height scale to the right of each image. The ascast PNC (Figure 5.1a) shows uniformly dispersed PMMA-NPs with an average centerto-center interparticle distance of ca. 55 nm based on the peak in the images’
autocorrelation function (Figure 5.1a inset). This value is in good agreement with SAXS
measurements (ca. 53 nm), suggesting a good dispersion of NPs.36 A root mean square
roughness (Rq) of ~2.0 nm is observed. Upon annealing in the one-phase region at 150°C
and above the PNC glass transition temperature for 72 hr, a qualitative increase in the
number density of NPs at the free surface is observed. This is supported by the images’
autocorrelation function (Figure 5.1b inset), which displays a peak at ca. 42 nm. This
decrease in interparticle spacing is consistent with the enrichment of PMMA-NPs at the
free-surface due to an increased packing. Additionally, a decrease in the root mean square
roughness (Rq ~ 0.6 nm) is observed. This decrease is surface roughness is discussed
thoroughly in Chapter 6 which investigates the wetting behavior of a binary PMMANP/SAN PNC.35 There, the decreased roughness is attributed to the enrichment of NPs at
the free-surface, leading to a jammed PNC morphology that prevents the formation of
large amplitude capillary fluctuations typical in polymer films (see Chapter 7).
While the AFM images autocorrelation functions from AFM images suggest an
increase in NP packing at the free-surface, further image analysis has been performed to
quantify the number density of PMMA-NPs as a function of annealing temperature and
time (see Appendix B). Figure 5.1c plots the NP number density vs annealing time for a
25/75 wt.% PMMA-NP/SAN PNC annealed at 150°C for up to 72 hr. Additionally,
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Maguire et al. recently tracked the surface wetting behavior during phase separation (e.g.,
two-phase region, chapter 6) of PMMA-NPs in a SAN matrix and their data is plotted
here for reference (i.e., 170°C and 190°C).35 For PNC films annealed at 150°C, Figure
5.1c shows that the surface enrichment of PMMA-NPs is monotonic, with a steady
increase in particle number density with increasing annealing times. At the longest
annealing time (72 hr), the NP number density is 517
the as-cast film of 302

24 NP/

36 NP/

compared to that of

. Interestingly, for samples annealed in the two-

phase region, the number density of NPs increases rapidly at short times and reaches a
plateau at long times of 593

26

and 620

25

at 170°C and 190°C,

respectively. Here, it is important to reiterate that in the one-phase region, χ and
compete with one another for NP surface enrichment. In contrast, χ and

mutually

enhance NP diffusion to the free surface in the two-phase region. This has been
demonstrated as a result of simultaneous wetting and phase separation occurring in the
film. Therefore, a higher NP number density for films annealed in the two-phase region is
expected.
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Figure 5.2: Transmission electron microscopy (TEM) cross-sectional images of 25/75
wt.% PMMA-NP/SAN films as-cast (a) and annealed at 150°C (b) for 24 hr.
To further track the morphology of this one-phase PNC during the surface
enrichment evident through AFM, we obtained transmission electron microscopy (TEM)
cross-sectional images (see Appendix B for details). Figure 5.2 depicts representative
TEM images of the binary composite containing 25 wt.% PMMA-NPs before and after
annealing at 150°C. Importantly, the as-cast samples exhibit a homogenous dispersion of
the PMMA-NPs within the SAN matrix (Figure 5.2a). Here, the favorable enthalpic
interactions (χ < 0) between the PMMA brush and the SAN matrix drive the
homogeneous dispersion of the nanoparticles. However, for samples annealed above the
glass transition temperature at 150°C, PMMA-NPs diffuse to the free surface of the film
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to lower the systems overall free energy while still remaining dispersed in the bulk. This
surface excess of PMMA-NPs is commensurate with what was observed using AFM.
As has been shown previously for homopolymer blends, the composition profile,
, which describes the way in which the composition changes from the surface to
the bulk, can be reliably measured using high-resolution ion profiling techniques such as
secondary ion mass spectrometry (SIMS).33 In chapter 5 and 6, we utilize a similar
technique of grazing-incidence Rutherford backscattering spectrometry (GI-RBS) to
measure the composition profiles of the PMMA-NPs as a function of depth within the
film. Figure 5.3a shows a schematic illustration of the experimental configuring using GIRBS. Figure 5.3b plots a corresponding depth profile that one might expect when
measuring surface enrichment, where the surface composition (
composition (

) over a characteristic distance ( ).
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) decays to the bulk

Figure 5.3: (a) Experimental configuration of GI-RBS for measuring NP surface excess.
An accelerator provides high-energy helium ions that strike the PNC film and are
backscattered to a detector. The detector registers the energy of each backscattered
helium ion and can be related to the depth of each target element. (b) Schematic
representation of the compositional profile of the surface-enriched PNC film obtained
using GI-RBS.
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Using GI-RBS, the evolution of the surface concentration profiles of PMMA-NPs
as a function of time is measured in the one-phase region at 150°C with an incident ion
beam of 2-MeV He+. Figure 5.4 shows concentration profiles (i.e., counts) for the 25/75
wt.% PMMA-NP/SAN films before and after annealing; these samples clearly show an
enriched layer of PMMA-NPs at the free-surface. A small peak is observed in the as-cast
film, suggesting that some NPs locate to the free surface during sample processing and/or
pre-annealing. More specifically, the ca. 450 nm thick samples annealed at 150°C reveal
a constant depth profile of nanoparticles in the as-cast films, characterized by a uniform
plateau in counts. Immediately after annealing at 150°C, the free surface becomes
enriched with a layer of PMMA-NPs, represented by the appearance of a larger surface
peak. As discussed by Maguire et al. in Chapter 6,35 the NP surface layer is immediately

Figure 5.4: Grazing-incidence Rutherford backscattering spectrometry (GI-RBS)
spectra of the silicon concentration depth profile in 25/75 wt.% PMMA-NP/SAN films
(ca. 450 nm) are shown at 150°C as a function of annealing time. Spectra are shifted in
counts for clarity. The surface peak near 0 nm represents an excess of PMMA-NP.
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followed by a depletion zone due to a conservation of mass within the film. This
depletion zone is most clearly observed for GI-RBS profiles after 24, 72, and 168 hr of
annealing.
Using the GI-RBS spectra, we can determine the integrated surface excess (

) of

PMMA-NPs at 150°C as a function of annealing time. Using the fitting procedure
described in Chapter 6 (as well as Appendix B) for GI-RBS profiles,35

can be

extracted at each time point, yielding the surface excess values shown in Figure 5.5.
Here, we see that

increases rapidly at short times and approaches a constant value at

the longest annealing time (ca. 168 hr). Due to the size of the grafted NP (ca. RNP = 19
nm) and relatively low annealing temperature (~30°C above the Tg of the PNC), diffusion
of the PMMA-NPs is expected to be slow. Additionally, it has been demonstrated that
attractive interactions between nanoparticle and melt polymers leads to an interfacial
polymer bound layer and an increase in the effective nanoparticle size, further reducing

Figure 5.5: Surface excess of PMMA-NP plotted as a function of the annealing time.
The dashed line is the best logarithmic fit to the data.
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NP diffusion coefficients (see Chapter 2).37–40 Therefore, care has been taken to make
sure that this attractive system has reached equilibrium by annealing for sufficiently long
times until there was negligible increase in the measured

values. This is demonstrated

by the dashed line in Figure 5.5. At the longest annealing time (ca. 168 hr),
be

is found to

nm. For comparison, the surface excess of a 25/75 wt.% PMMA-NP/SAN

PNC after annealing for 24 hr at 170°C and 190°C (two-phase region) is found to be
nm, respectively (see chapter 6).35

nm and

Jones and Kramer showed that the surface excess of the lower surface energy
polymer in a polymer blend can be predicted using Flory-Huggins polymer theory and
alone. Using their derived analytical expressions, it is possible to numerically calculate
the expected surface volume fraction and near surface depth profiles of an analogous
PMMA/SAN homopolymer blend using the following equation:
(5.1)
where

is the statistical segment length,

parameter

is the value of the Flory-Huggins interaction

on the coexistence curve, and

Figure 5.3b. Here,

and

and

are the compositions shown in

are calculated using the following expressions, respectively:
(5.2)
(5.3)

where t is a measure of the driving force for surface segregation, and given by:
(5.4)
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Here,

represents a surface chemical potential favoring the lower surface energy

component (component 1) at the surface and is expressed by:
(5.5)
where b is the size of the Flory-Huggins lattice cell. Using equations (5.1) - (5.5) and a
PMMA homopolymer with a molecular weight such that its radius of gyration is
commensurate with the radius of the PMMA-NP (i.e.,

, the surface

excess of PMMA in a 25/75 wt.% PMMA/SAN homopolymer blend is calculated to be
approximately

nm (see Appendix C for

calculation compared to literature).

This prediction is lower than what has been experimentally obtained by ca. 5x. We note
that these expressions were derived under the assumptions of: (1) valid use of the FloryHuggins form for the free energy of mixing, and (2) equal degrees of polymerization
between constituents. Here, the degree of polymerization of the SAN matrix is ca. 6x
larger than the PMMA graft. Additionally, the Flory-Huggins free energy of mixing for a
grafted-nanoparticle/homopolymer blend is different than a homopolymer/homopolymer
blend, as recently derived by Riggleman et al.41 Therefore, the discrepancy between the
calculated and experimentally obtained

values is unsurprising. We hope that these

experimental results motivate theorist to derive more appropriate expressions to capture
the experimental phase behavior demonstrated herein for PNCs and incorporate
modifications that account for the aforementioned discrepancies.
5.4 Conclusions
In this chapter, we have shown that polymer grafted nanoparticles preferentially
segregate to the free surface of a PNC film upon annealing in the one-phase region of the
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phase diagram. This phenomenon is attributed to a surface energy difference between
constituents where the lower surface energy component is driven to the surface,
commensurate with what has been demonstrated as a universal phenomenon in polymer
blends. We have quantified the degree of surface enrichment of the polymer grafted
nanoparticles and comment on the applicability of prevailing polymer blend theories to
predict this behavior. This work provides important insight into controlling the surface
morphologies of miscible PNCs and will inform the design of advanced materials where
surface functionality needs to be decoupled from that of the bulk.
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CHAPTER 6
GRAFTED NANOPARTICLE SURFACE WETTING DURING PHASE
SEPARATION IN POLYMER NANOCOMPOSITE FILMS

Content in this chapter was published in 2021 in ACS Applied Materials and Interfaces,
54, 2, 797–811, with authors Shawn M. Maguire, Michael J. Boyle, Connor R. Bilchak,
John Derek Demaree, Austin W. Keller, Nadia M. Krook, Kohji Ohno, Cherie R. Kagan,
Christopher B. Murray, Patrice Rannou, and Russell J. Composto
6.1 Introduction
Polymer nanocomposites (PNCs), materials composed of nano-scale organic or
inorganic fillers in a polymer matrix, are of great scientific interest because they can be
designed with many combinations of components to create functional materials with
vastly different properties.1–3 There are many approaches to control and tailor the
structure and properties of PNCs, including adding bare or grafted nanoparticles (NPs) to
a polymer matrix for enhanced mechanical properties,4–8 employing mobile NP systems
to build hierarchical functional composite structures,9 and using NPs to impose extreme
nanoconfinement on polymer chains, resulting in composites with improved thermal
stability and drastic reductions in polymer segmental dynamics.10–12 Because the
synergistic properties of PNCs are directly correlated with the spatial arrangement of the
inorganic NPs within the polymer host,13–17 different strategies for controlling the
dispersion of inorganic fillers have been investigated. Whereas a homogeneous
distribution of NPs is sometimes desired, some properties benefit from directing NP
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assembly at surfaces and in the bulk. For instance, wettability, durability, and friction can
be controlled by preferential localization of NPs to interfaces.
Previously, the surface composition of a miscible polymer blend has been shown
to differ from the bulk composition because of the difference in surface energies and
thermodynamic interactions between polymers (see Chapter 5).18–21 For immiscible
polymer blends undergoing phase separation, wetting of the lower surface energy
component at the surface initially dominates the morphological evolution.22 As a result,
unique polymer blend morphologies can be generated by balancing the degree of phase
separation and wetting within the films. For example, films of deuterated poly(methyl
methacrylate) (dPMMA) and poly(styrene-ran-acrylonitrile) (SAN) undergo different
stages of phase evolution and wetting, including the formation of a bicontinuous
morphology followed by discrete dPMMA domains, sandwiched between dPMMA
wetting layers.23–28 Here, symmetric wetting occurs due to the preferential attraction of
dPMMA to the surface and oxide substrate interface.29 In binary polymer blends, these
studies demonstrated that tuning the interplay between phase separation and wetting led
to unique morphologies, many of which cannot be readily produced using traditional
nanotechnology processing methods. These studies were then expanded to include phase
separating ternary polymer/polymer/NP mixtures, i.e., bigels, where the interface
between polymer domains becomes decorated with NPs to arrest the growth of
bicontinuous structures.24,26,28,30–32
In this work, we mix PMMA grafted silica NPs (PMMA-NP) and poly(styreneran-acrylonitrile) (SAN), follow the thin-film morphological evolution during phase
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separation and compare results to the analogous thin-film homopolymer blend, namely
PMMA/SAN. Using transmission electron microscopy (TEM), we identify three phase
morphologies. Upon spin-coating and drying, the NPs in the PNC are homogeneous,
consistent with a thermodynamically stable, well-defined initial state. During the early
stages of phase separation upon annealing, PMMA-NPs begin to wet both the free surface
and substrate as well as aggregate in the bulk. Akin to dPMMA, PMMA-NPs wet both
the air and oxide interfaces due to their preferential attraction. At longer times, a trilayer
structure, PMMA-NP rich/SAN rich/PMMA-NP rich, forms parallel to the substrate.
Specifically, columns of PMMA-NP aggregates span the two wetting layers and are
surrounded by the SAN-rich phase. A similar morphology was observed for the
PMMA/SAN blend with PMMA domains spanning the PMMA wetting layers. To
quantify the PMMA-NP concentration at the surface, the number density and surface
excess (Z*) of PMMA-NPs were measured using atomic force microscopy (AFM) and
grazing-incidence Rutherford backscattering spectrometry (GI-RBS). The number density
increases rapidly and then approaches a plateau value, ca. 80% of the random close
packing value. Similarly, Z* increases rapidly and approaches a constant value consistent
with a diffusion-limited process that depends on quench depth. From the Z* values at
early times, the diffusion coefficients of PMMA-NP are determined and found to be
much larger than theoretical predictions.
These studies provide insight into the interplay between wetting and phase
separation in PNCs and can be utilized in nanotechnology applications where surfacedependent properties are important. Additionally, the replacement of PMMA with
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PMMA-NPs introduces several advantages compared to the pure blend case. First, the
nanocomposite films can be used as templates for aligning and controlling the dispersion
of NPs within a polymer host. Second, the silica-rich domains will etch much slower than
the SAN-rich phases, which allows for the fabrication of porous membranes that could be
used in the as-prepared morphology, backfilled with an inorganic material, or grafted
with a polymer brush. Third, unlike the analogous polymer blend, the PNC film is stable
and does not dewet from the substrate during late-stage phase separation. This stability is
attributed to NP jamming, which prevents the development of long-range interfacial
fluctuations that can lead to film rupture. Finally, we note that the mechanical properties
of the nanocomposite should be improved, relative to the polymer blend, because the
jammed NP wetting layers and NP columns should resist deformation, similar to the
suppression of the interfacial fluctuations. Details of these property enhancements are
presented in Chapter 7 of this dissertation.
6.2 Experimental Procedures
Materials and methods. Refer to chapter 3.
6.3 Results and Discussion
The bulk phase diagrams of a PMMA (91 kg/mol)/SAN (118 kg/mol) blend and
of a PMMA (19 kg/mol)-NP/SAN (118 kg/mol) PNC have been previously constructed
using complementary techniques of cloud point, transmission electron microscopy, and
small-angle X-ray scattering (see Chapter 4).33,34 Figure 6.1a depicts the phase diagram of
the polymer blend, PMMA/SAN, which exhibits a lower critical solution temperature
(LCST) of 160°C.33 The phase diagram of the PNC, PMMA-NP/SAN, is plotted as a
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function of PMMA-NP weight fraction in Figure 6.1b.34 Comparing Figures 6.1a and
6.1b shows that the phase boundary for the PNC and the binary polymer blends are
similar near the critical point with a shift towards lower PMMA (PMMA-NP) weight
fractions. Namely, the miscibility of SAN in PMMA-NP has increased, whereas the
miscibility of PMMA-NP in SAN changes only slightly compared to the pure blend case.
If Figure 6.1b was plotted against only the PMMA weight fraction, the boundary shift
towards lower PMMA concentration would be further enhanced. Additionally, Figure
6.1b shows that the binodal width decreases and the critical composition shifts to lower
weight fractions of PMMA-NP compared to Figure 6.1a. We attribute this increased
miscibility window to a decrease in PMMA molecular weight, namely, decreasing from
91 kg/mol to 19 kg/mol. An analysis of this behavior was described along with a
comparison with PRISM theory in Chapter 4.34 Overall, this result indicates that dense
polymer brushes grafted to NPs (0.7 chains/nm2) exhibit enthalpic interactions
comparable to their analog in a polymer blend.
The PMMA-NP/SAN system is an ideal candidate for studying the interplay
between wetting and phase separation for several reasons. First, the bulk phase diagram
(Figure 6.1b) follows LCST behavior allowing for the preparation of thermodynamically
stable mixtures at room temperature. This is contrast to an upper critical solution
temperature (UCST) PNC where the prepared films will be kinetically trapped and in a
metastable state due to the processing temperature being significantly lower than most
polymer Tg’s. Further, the critical temperature of ca. 160°C is well above the glass
transition temperature of the 25/75 wt.% blend (ca. 120°C). Thus, we can investigate the
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effect of weak and strong thermodynamic driving forces, namely shallow (170°C) and
deep (190°C) quench depths, on simultaneous wetting and phase separation. Second,
previous studies of phase separation in polymer blend thin films (i.e., PMMA/SAN) have
shown that the PMMA-rich phase symmetrically wets both the free surface and silicon
substrate upon demixing due to a large difference in surface energies between PMMA
and SAN as well as the preferential attraction of PMMA to the oxide substrate.33 Because
the silica particles are densely grafted with PMMA and PMMA-NP/SAN blends exhibit a
comparable phase diagram to PMMA/SAN blends, these studies investigate whether
PMMA-NPs also wet the free surface and silicon substrate during phase separation,
similar to PMMA in the polymer blend. By monitoring the evolution of the PMMA-NP
wetting layers, the governing kinetics of this PNC can be determined. Thus, these studies
provide an alternative route towards measuring the diffusion coefficient of NPs.
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Figure 6.1. Comparison of the bulk phase diagrams of the polymer blend, PMMA (91
kg/mol)/SAN (118 kg/mol), with the polymer nanocomposite, PMMA (19 kg/mol)NP/SAN (118 kg/mol). (a) Phase diagram of PMMA/SAN, which exhibits LCST
behavior with a critical temperature of ca. 160°C. (b) Phase diagram of a PMMANP/SAN where the molecular weight of the SAN is the same as that in (a). The filled
circles represent two-phase regions, whereas the open circles represent one-phase regions
where NPs are dispersed. (c, d) Cartoon representations of the cross-sectional view of the
thin-film morphologies in the two-phase region. The dashed lines are a guide to the eye.
Parts of this image were adapted with permission from references 33 and 34.
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To investigate wetting and phase separation, we characterized the PMMANP/SAN surface morphology by AFM, the bulk morphology by TEM, and the PMMANP surface excess by GI-RBS. To investigate the effect of thermodynamic driving forces
on dynamics, the kinetics of wetting and phase separation were determined at 170°C and
190°C, corresponding to 10°C and 30°C quenches above the LCST, respectively. The
inset of Figure 6.1a shows a representative cartoon of the PMMA/SAN thin-film crosssection corresponding to the morphology observed at a blend composition of ca. 25 wt.%
PMMA during the intermediate stage of phase separation. Compared to bulk films,
phase-separating, thin film polymer blends undergo distinct evolutionary stages due to
confinement.27 Therefore, it is important to note that this morphological evolution is only
achieved under specific film thickness conditions and loadings of PMMA, one of which
is denoted herein. As shown in a morphology map derived by Chung and coworkers,
variations in film thickness (i.e., 50 – 1000 nm) and PMMA volume fraction (i.e., 0.3 –
0.8) can lead to six distinct pattern development regimes.27 Figure 6.1b represents the
anticipated morphology of PMMA-NP/SAN if wetting and phase separation proceeds
similarly for the PNC containing PMMA-NP of similar loading and film thickness.
Namely, the PNC morphology would exhibit PMMA-NPs wetting both the free surface
and silicon substrate with a middle region corresponding to PMMA-NP domains (gray)
separated by a continuous SAN-rich phase (black).
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Figure 6.2. Surface morphology evolution of 25/75 wt.% PMMA-NP/SAN. (a) AFM
height images of as-cast (top left), and annealed films at 170°C (top middle) and 190°C
(top right) after 72 h. Scale bars are 500 nm. (b) Autocorrelation functions of the AFM
images, revealing lower values of interparticle separation upon annealing. (c) Increase in
the NP number density upon annealing at 170°C and 190°C. The dashed line is the
theoretical maximum number density of particles assuming random close packing of hard
spheres with the same diameter as PMMA-NP.

To probe surface enrichment of PMMA-NPs during phase separation, AFM was
used to quantify the particle number density at the surface as a function of annealing
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temperature and time. Figure 6.2a shows representative AFM images of the PNC surface
with the height scale to the right of each image. The as-cast PNC (top left) shows
uniformly dispersed PMMA-NPs with an average center-to-center interparticle distance
of 55 nm based on the peak in the images’ autocorrelation function (Figure 6.2b). A root
mean square roughness (Rq) of ~2.0 nm is observed. Upon annealing in the two-phase
region for 72 hours, the number density of NPs at the free surface increases, accompanied
by the formation of long-wavelength fluctuations in the film topography. The
autocorrelation functions of the AFM images for samples annealed at 170°C (top middle)
and 190°C (top right) display peaks at 38 and 36 nm, respectively. Compared to the onephase sample, NPs pack more closely, consistent with the wetting of PMMA-NPs at the
surface. Upon increasing the quench depth by 20°C, the number density increases only
slightly, suggesting that NPs are already well packed at 170°C. A complementary
analysis method was used to determine NP spacing. For samples before and after
annealing at 170°C and 190°C, Figure C.1 shows AFM line profiles passing across the
centers of the grafted NPs, where each maximum corresponds to the center of each NP.
The center-to-center distances obtained directly from line profiles for each sample is in
good agreement with the value determined by the respective autocorrelation function
(Figure 6.2b).
For the films annealed at 170°C and 190°C, the roughness, Rq, was determined to
be ca. 0.6 nm, indicating a smoother surface morphology compared to the one-phase
region. By comparison, PMMA/SAN blend films annealed for the same amount of time
at comparable quench depths display two orders of magnitude higher Rq values than the
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PNC. This significantly higher roughness is attributed to capillary fluctuations in the
blend film, which leads to macroscopic roughening of the surface and eventually film
rupture.33 Interestingly, the low Rq values in this study suggest that the wetting of the
PMMA-NPs at the free surface results in a jammed morphology, preventing the
formation of large amplitude capillary fluctuations that would break the film. Therefore,
these studies suggest that the wetting of NPs prevents film dewetting and increases
thermal stability.
While the AFM images indicate an increase in NP packing, further image
analyses have been performed to quantify the particle number density on the surface as a
function of annealing temperature and time (analogous to Chapter 5, see Appendix B).
For PMMA-NP/SAN films annealed at 170°C and 190°C, Figure 6.2c shows the NP
number density at the surface for annealing times up to 3 days. For both temperatures, the
number density increases rapidly at short times and then approaches a nearly constant
value at longer times (3 days). For comparison, the as-cast PNC films have an average
number density of particles of 320

22

This value is expected to be higher

than for a perfectly smooth surface because of the measured surface roughness, which
allows for a greater number density of NPs due to an increase in surface area. At the
longest times (i.e., 72 hours), the number density of NPs at the surface increases to 593
26

and 620

25

at 170°C and 190°C, respectively, which is consistent

with a closer packing of NPs determined by the autocorrelation function analysis in
Figure 6.2b.
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At long annealing times, the surface becomes saturated with NPs, and the number
density approaches a constant value as shown in Figure 6.2c. To compare these values to
the theoretical maximum number density of particles at a smooth surface, the 2-D random
close packing of hard spheres with the same radii as the polymer grafted NPs (19 nm) is
calculated and plotted in Figure 6.2c (dashed line, see Appendix C). While the
experimental data may slightly increase at longer times, the results show that the
experimental measurements at 170°C and 190°C fall slightly below the theoretical
maximum number density for the packing of pure randomly close packed NPs by 20%
and 16%, respectively. The lower experimental number density may be attributed to: (1)
limited ability of AFM to distinguish between tightly packed particles when the center-tocenter distance is comparable in length to the tip diameter, (2) long-wavelength height
fluctuations at the surface, resulting in indistinguishable particles in the minima, and (3)
NP jamming at the interface that arrests further growth of the surface layer.
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Figure 6.3. Optical microscopy images of (a) 25/75 wt.% PMMA-NP/SAN and (b) 25/75
wt.% PMMA/SAN films annealed at 190°C for up to 72 h, respectively, using a 10x
objective lens and 1.67x relay lens.
As seen by AFM, the PNC morphologies appear to be thermally stable (i.e., no
dewetting) for annealing times up to 3 days, evident by the low values of the RMS
roughness. In contrast to PMMA/SAN blends where films dewet during the late-stage
evolution of phase separation, the interfacial jamming of the PMMA-NPs in PMMANP/SAN blends arrests the morphology. Specifically, NP jamming dampens interfacial
roughening, which is the main contribution to film rupture, and therefore increases film
stability. Rupture and dewetting in polymer blends has been demonstrated extensively in
previous work.29,35,36 To experimentally probe the enhanced thermal stability of these
films attributed to interfacial jamming of the PMMA-NPs, optical microscopy (OM)
images were taken. Figure 6.3 shows representative OM images of a 25/75 wt.% PMMANP/SAN film before and after annealing at 190°C for 3 and 72 h relative to the
PMMA/SAN analogue. Film thickness values are ca. 400 nm for both films. For both the
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PNC and polymer blend films, as-cast samples exhibit a uniform morphology. After 3 h
and 72 h, the PNC film remains stable, with a homogeneous surface morphology (Figure
6.3a). Conversely, Figure 6.3b demonstrates that the homopolymer blend is unstable after
72 h of annealing, with clear dewetting of the film occuring. Note that these holes are
surrounded by rims where polymer has collected upon dewetting. These OM images
support the hypothesis that the interfacially jammed PMMA-NPs halt the formation of
long-wavelength fluctuations at the surface, and suppress film rupture.
To track the internal phase evolution during PMMA-NP wetting, cross-sectional
TEM images were taken for as-cast and annealed samples. Figures 6.4a and 6.4b are
representative images of 25/75 wt.% PMMA-NP/SAN films annealed at 170°C (top row)
and 190°C (bottom row), respectively, during different stages of the phase evolution.
Importantly, the as-cast samples exhibit a homogeneous dispersion of the PMMA-NPs
within the SAN matrix (left column). Here, the favorable enthalpic interactions between
the PMMA brush and the SAN matrix drive the initial dispersion of the NPs.34 However,
when quenched into the two-phase region, PMMA-NPs wet the surface and substrate
while undergoing phase separation with SAN in the bulk. After 3 h at 190°C, a near
monolayer of grafted NPs decorates the free surface of the film (Figure 6.4b, middle),
whereas composites annealed at 170°C (Figure 6.4a, middle) exhibit a slightly lower
surface coverage of PMMA-NPs. At 170°C for 3 h, the bulk morphology shows
elongated aggregates that are randomly oriented; however, the corresponding
morphology at 190°C is beginning to display aggregates perpendicular to the surface. For
much thicker samples, Small-angle X-ray scattering and TEM characterization show that
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discrete, elongated aggregates form that do not span the wetting layers.34 After 24 h
(Figure 6.4a and 6.4b, right), the polymer composites assemble into a trilayer structure
with layers of PMMA-NP-rich/SAN-rich/PMMA-NP-rich phases forming parallel to the
substrate. PMMA/SAN films undergoing phase evolution and wetting exhibit strikingly
similar behavior. Specifically, during the intermediate stage of phase separation, PMMA
domains form discrete columns that span the thickness of the film and then grow within
the continuous SAN-rich matrix, which is sandwiched between PMMA wetting layers at
the free surface and substrate. Similar to the PMMA/SAN case, Figures 6.4a and 6.4b
(right column) show that the SAN-rich phase surrounds domains of PMMA-NPs that
span the free surface and substrate (see inset schematics). However, one significant
difference between the polymer blend and PNC is that phase morphology continues to
evolve in the former system, resulting in eventual film dewetting. This is contrary to what
is observed in the PNC where the jammed NPs stabilize the polymer nanocomposite.
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Figure 6.4. Transmission electron microscopy (TEM) cross-sectional images of 25/75
wt.% PMMA-NP/SAN films annealed at 170°C (a) and 190°C (b) for 0, 3 h, and 24 h.
Samples annealed for 24 h display internal morphologies represented by the cartoons in
this inset and in Figure 6.1(d).
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Figure 6.5. Grazing-incidence Rutherford backscattering spectrometry (GI-RBS) spectra
of the silicon concentration depth profile in 25/75 wt.% PMMA-NP/SAN films (ca. 400
nm) are shown at 170°C (a) and 190°C (b) as a function of annealing time. Spectra are
shifted in counts for clarity. The surface peak near 0 nm represents an excess of PMMANP, whereas the upturn in counts near 400 nm is due to the silicon substrate.

To complement TEM and AFM studies, grazing-incidence Rutherford
backscattering spectrometry (GI-RBS) was used to measure the surface concentration
profiles of PMMA-NP as a function of time. Figure 6.5 shows the silicon concentration
(counts) as a function of depth for 25/75 wt.% PMMA-NP/SAN films (ca. 400 nm) at
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170°C and 190°C. The as-cast film (Figure 6.5a) exhibits a slightly increasing number of
counts as a function of depth, consistent with an increase in scattering cross-section for a
homogeneous distribution of silicon from the SiO2 NPs. The increase in counts near 400
nm corresponds to scattering from the silicon substrate. This upturn obscures the
backscattered silicon counts from silica NPs that have segregated to the substrate (c.f.
Figure 6.4). After annealing at 170°C (Figure 6.5a), the surface becomes enriched with
PMMA-NP, corresponding to the appearance of the surface peak. To conserve silica NPs
near the surface, this surface enrichment layer is adjacent to a depletion zone and causes
the reduction in counts for samples annealed for 15 minutes and longer. As the PMMANP surface excess increases with time, so does the depth and width of the depletion
region within the film. At long times, the surface excess stops growing, and the depletion
zone weakens as the equilibrium between the surface and bulk concentration is
approached. The profile below the depletion layer reflects the aggregation of NPs. The
spectra for 25/75 wt.% PMMA-NP/SAN films annealed deeper in the two-phase region,
190°C, are shown in Figure 6.5b. Similar to the shallow quench depth case, the surface
excess of PMMA-NPs monotonically increases as time increases. Qualitatively, the
surface peak for the deeper quench depth (higher temperature) evolves faster than the
evolution at a lower temperature (e.g., consistent with the AFM and TEM results shown
in Figures 6.2 and 6.4, respectively).
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Figure 6.6. Depth profiles of PMMA-NPs in 25/75 wt.% PMMA-NP/SAN films (a)
before and (b) after annealing at 170°C for 30 min, as revealed by GI-RBS. The dashed
red lines are the fits to the experimental data corresponding to (a) a Gaussian instrumental
resolution convoluted with a step function and (b) a Gaussian instrumental resolution
convoluted with a solution of Fick’s second law given by Eq. 6.1. The surface excess of
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PMMA-NP is the shaded area in (b), denoted as Z*. (c) Surface excess of PMMA-NP
plotted as a function of the square root of the annealing time. The solid lines are the best
fits of the slopes in the linear growth regime.
Using the depth profiles of PMMA-NPs, the diffusion coefficients of the grafted
NPs were determined at 170°C and 190°C and compared to analytical expressions
derived previously for homopolymer blends.19,20 Figure 6.6 shows select depth profiles
from PMMA-NP/SAN before and after annealing at 170°C for 30 minutes. Before
determining the integrated surface excess (Z*) of PMMA-NPs (shaded area in Figure
6.6b), the as-cast profile is fit to a Gaussian function convoluted with a step function to
extract the instrumental resolution (FWHM of ca. 30 nm). Next, the Gaussian
instrumental resolution is convoluted with a solution to Fick’s second law using
appropriate boundary conditions:
(6.1)
where

is the bulk composition of the film,

instrumental resolution, x0 is the step position,

is the standard deviation of the
is the annealing time, and D is the

mutual diffusion coefficient. Using Eq. 6.1, Figure 6.6b shows the best fit (dashed red
line) to the interfacial broadening. To determine Z*, numerical integration between this
fit, with the lowest reduced

and the experimental data yields the surface excess

denoted by the solid teal region in Figure 6.6b.
The NP diffusion coefficients can be determined from the growth of the integrated
surface excess. As originally pointed out by Jones and Kramer,20,21 conservation of mass
requires that the excess material at the surface equal the amount removed from the
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depleted region. Therefore, sufficiently far from the surface, the width of the depletion
zone should scale as (Dt)1/2. Using the approximation:
(6.2)
where

is the depletion region volume fraction determined from the profile as

shown in Figure 6.6b. Because of the high loading of PMMA-NP and enthalpic driving
force, D represents a mutual diffusion coefficient and can be calculated from the
experimental Z* values plotted in Figure 6.6c versus t1/2. For both temperatures, Z*
rapidly increases with time before approaching constant values. This plateau of Z* at
long times is attributed to a reduction in driving force for NPs to segregate to the free
surface and steric hindrance originating from NPs already occupying interfacial sites. At
each time point, Z* at 190°C is greater than that at 170°C, consistent with faster diffusion
at the higher temperature (and deeper quench depth). Taking an average value of
together with the best fit value for the slopes of the linear regime (solid lines),
the growth of Z* at 170°C and 190°C yield mutual diffusion coefficients of 4.3 x 10-14
cm2/sec and 6.4 x 10-14 cm2/sec, respectively.
We compare the experimentally obtained diffusion coefficients to those calculated
using the continuum-based Stokes–Einstein (SE) relation, which is a common benchmark
for comparing particle diffusion in soft matter. Here, it is important to note that the SE
model assumes a dilute NP concentration, whereas the experimental system contains 25
wt.% PMMA-NP, which is above the dilute limit. Recently, Lin and coworkers
performed RBS experiments to address the impact of grafted polymers on the diffusion of
NP.37 Interestingly, their results showed that grafted polymer chains of moderate
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molecular weight and grafting density significantly alter NP diffusion in polymer melts
by increasing their effective size. Therefore, due to the high grafting density and
molecular weight of the brushes used in the present study, an effective NP radius of Reff =
19 nm is used in the SE model. Using this effective radius and the viscosity of SAN, the
PMMA-NP diffusion coefficients are 1.2 x 10-16 cm2/sec and 2.5 x 10-15 cm2/sec at 170°C
and 190°C, respectively. The SE predicted values in the dilute limit are significantly less
than experimental values, DSE << Dz*. Because the viscosity of the 25 wt.% PMMANP/SAN blend should be even greater than that of pure SAN, DSE is less than this
prediction. It is worth noting that SE predicts a much stronger temperature dependence
than

observed

in

the

experimental

results.

Specifically,

whereas

, the ratio is about three times smaller for the
experimentally measured values,

. This observation

indicates that the temperature dependence of D is much weaker than expected from
changes in viscosity alone.
To investigate the role of NP size on enhanced diffusion, Schweizer and
coworkers developed a microscopic, force-level, self-consistent generalized Langevin
equation (SCGLE) approach to predict the diffusion coefficient of repulsive or athermal
NPs as a function of particle size and molecular weight of the matrix (see Chapter 2).38
Using SCGLE, NP mobility is found to exhibit size-dependent, non-SE behavior that falls
in two regimes; (1) a fast diffusion regime that depends on the relaxation of the
unentangled matrix chains when 2Reff is less than the tube diameter of the matrix (dt), and
(2) a much slower diffusion regime dependent on polymer relaxations via reptation when
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particle size is greater than dt. The transition between these two regimes is relatively
sharp, and the SE NP diffusion is recovered when

~ 10.38 Using the Kuhn

length and Kuhn monomer molar mass of polystyrene as an approximation for SAN, the
tube diameter is ca. 9 nm. Based on the results presented by Schweizer and coworkers, a
2Reff/dt ratio of ~4 should lead to an enhancement in diffusion coefficient relative to SE
by

For comparison, if we calculate

and theoretical (DSE) values for D, we see that

using the experimental (DZ*)
and

, which are both orders of magnitude faster than predicted by the
SCGLE model.
It is important to reiterate that the Stokes-Einstein relationship is purely entropic
in origin, and describes the competition between thermal fluctuations of the system and
viscous drag forces of the medium. Additionally, the theoretical predictions made by
Schweizer and coworkers are for athermal and weakly interacting PNCs. Although these
approaches assume hard spheres, recent molecular dynamic simulations capture the effect
of polymer tethers on NP diffusion through unentangled polymer matrices.39 As a result,
the large discrepancy between the theoretical diffusion coefficients and those obtained
experimentally comes at no surprise. A complete model for the present study would
include driving forces due to both wetting and phase separation, which will significantly
influence NP diffusion. Therefore, we hope that this study demonstrates the enhancement
of NP diffusion towards surfaces upon phase separation in a PNC, and motivates the
development of theory and simulations that capture the diffusion during simultaneous
wetting and phase separation in the two-phase region.
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Since the dynamics of polymer nanocomposites are critically important to
understand in the design and fabrication of functional PNCs, studies such as those
discussed herein are essential.40 For instance, the ability to reliably model processes such
as the surface enrichment in a mixed condensed phase requires accurate knowledge of NP
diffusion that simple models, e.g., Stokes-Einstein, fail to accurately capture due to the
complex phase behavior described in the present study. Riggleman et al. have quite
recently extended the equilibrium polymer nanocomposite field theory (PNC-FT) to
capture the kinetics of self-assembly in NP composites.41–43 These theoretically informed
Langevin dynamics (TILD) simulations allow one to efficiently predict kinetic pathways
during the self-assembly of PNCs.44,45 As a result, the TILD calculations can potentially
predict PNC morphologies using accurate thermodynamic and kinetic input. Importantly,
for certain processes, the TILD calculations would better capture experimental behavior
if accurate diffusion coefficients are used rather than the traditional estimates based on
diffusion models like SE. Overall, the thermodynamic and kinetic intuition gained from
this study offers a facile route for preparing polymer nanocomposite structures with the
potential for enhanced surface-dependent properties.
6.4 Conclusions
We have measured the wetting behavior and internal morphology in a polymer
nanocomposite (PNC) of PMMA-grafted nanoparticles (PMMA-NPs) and SAN. By
annealing deep and shallow in the two-phase region, the thermodynamic and kinetic
factors controlling phase separation have been investigated. The wetting and phase
separation stages in the polymer nanocomposite are similar to those observed for pure
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polymer blends where the lower surface energy component (PMMA-NPs) rapidly wets
the free surface to reduce the total free energy. The growth of the NP surface excess has
been measured and provides an alternative approach to determine the mutual diffusion
coefficient at high loadings of NPs. The development of a unique nanocomposite
morphology is revealed because of the preferential wetting during phase evolution.
Specifically, PMMA-NPs form elongated aggregates or discrete columns that span the
thickness of the film. Additionally, the morphology exhibits PMMA-NP wetting layers
separated by a continuous SAN-rich matrix perforated with the NP columns. This phase
structure has great potential as a facile route for preparing nanocomposite films with
increased mechanical properties for barrier coatings, analogous to the carburization of
steel, or other surface-dependent properties. More specifically, the mechanical properties
of the nanocomposites should be improved, relative to neat polymer blends, because the
jammed NP wetting layers and columns resist deformation, similar to what has been
demonstrated through the suppression of interfacial fluctuations upon heating. A detailed
comparison of film stability and the mechanical properties (elastic modulus and hardness)
between the polymer blend and PNC will be examined in future studies.
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CHAPTER 7
NANOSCALE STRUCTURE-PROPERTY RELATIONS IN SELF-REGULATED
POLYMER GRAFTED NANOPARTICLE COMPOSITE STRUCTURES

Content in this chapter will be submitted in 2021 to Nature Materials, with authors
Shawn M. Maguire, J. Brandon McClimon, Sage Fulco, Austin W. Keller, Connor R.
Bilchak, Cherie R. Kagan, Christopher B. Murray, Kohji Ohno, Kevin Turner, Robert W.
Carpick and Russell J. Composto
7.1 Introduction
Polymer nanocomposites (PNCs) are a class of material consisting of a
continuous organic polymer phase and a discrete inorganic phase often composed of
nano-sized particles. PNCs combine the processability and cost-effectiveness of polymers
with the emergent properties enabled by nanoparticles (NPs) to develop composite
materials with properties often exceeding that expected from simple volumetric
arguments. Additionally, the geometry and chemistry of the inorganic filler may
influence the resultant properties, since they affect both the surface energetics and surface
to volume ratio.1

As such, PNCs offer the possibility of creating next-generation

materials with substantially improved properties across a wide range of applications,
including mechanical modulus and hardness,2–9 scratch resistance,10–12 optical
properties,13–16 gas and solvent transport,17–20 ion conductivity,21–24 among many others.
Akcora et al.2 demonstrated that while the addition of silica NPs to a glassy polymer
matrix always results in mechanical reinforcement, the effect is greatest when the NPs
form large-scale aggregates that percolate throughout the polymer phase in a manner
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similar to the percolated minerals found in bone25,26. Therefore, it is clear that properties
of PNC materials are often dictated by the dispersion state of the inorganic NP filler. In
many instances, properties of the PNC are optimized when the filler is well-dispersed,
although instances exist where limited aggregation, or preferential localization of the NPs
may be beneficial.1,9 For example, gas diffusion in PNCs consisting of NPs with polymer
chains end-grafted to their surface increases by an order of magnitude when the NPs
remain well-dispersed and are promising materials for separation membranes. However,
PNCs with aggregated NPs exhibit substantially reduced gas transport and are ideal for
barrier materials. Therefore, understanding and controlling the morphologies of PNCs is
a crucial challenge to address in the design of functional polymeric materials with a
desired property enhancement in mind.
Fortunately, there are a wide variety of examples of self-assembled PNC materials
in nature that have been built and optimized over billions of years, which have since
become a source of inspiration for scientists and engineers and led to the field of
biomimetics (i.e., the emulation of the models, systems, and elements of nature).27 For
example, researchers have recently created stimuli-responsive PNCs composed of
cellulose nanocrystals (CNCs) that are grafted with a lower critical solution temperature
(LCST) polymer embedded within a poly(vinyl acetate) (PVAc) matrix that increase their
stiffness when exposed to warm water based on the anatomy of sea cucumbers.28,29
Additionally, antibacterial PNC coatings have been developed based on a marine musselinspired method involving polydopamine as a biomimetic surface modifier.30–32 Perhaps
the most famous example is the natural composite nacre, which consists of a hierarchical
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structure of inorganic aragonite ‘bricks’ and organic chitin ‘mortar’. Nacre is found in
seashells and has been extensively recognized for its remarkably high toughness and
resilience.27,33–35 Kumar et al. have recently replicated the brick-and-mortar structure of
Nacre using self-assembled silica NPs using semi-crystalline polymer growth fronts.36
Taken together, it is no surprise that scientists have been driven to investigate and model
natures’ architectures and compositions in the hope of developing analogous synthetic
materials. However, achieving such complex structures through current technologies has
been hindered by an inability to sufficiently control the self-assembly of NP fillers within
PNC materials.
In this chapter, we utilize fundamental insights of Maguire et al.37,38 (see Chapters
4, 5, 6) to fabricate PNC morphologies that have enormous potential for bio-inspired
applications in the hopes to make these “next generation” materials a reality. Using a
model system of poly(methyl methacrylate) grafted silica nanoparticles (PMMA-NP) and
poly(styrene-ran-acrylonitrile) (SAN), we generate three unique polymer nanocomposite
(PNC) morphologies by balancing the degree of surface enrichment, phase separation,
and wetting within the films. Depending on the processing conditions (i.e., thermal
treatment temperature and time), the thin films undergo different stages of phase
evolution, resulting in homogenously dispersed systems at low temperatures, enriched
PMMA-NP layers at the PNC interfaces at intermediate temperatures, and threedimensional bicontinuous structures of PMMA-NP pillars sandwiched between two
PMMA-NP wetting layers at high temperatures. Using a combination of atomic force
microscopy (AFM), AFM nanoindentation, and optical microscopy, we show that these
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self-regulated structures lead to nanocomposites with increased modulus, hardness, and
thermal stability compared to analogous PMMA/SAN blends. Additionally, we highlight
additional structure-property relationships that can utilize the phenomena presented in
this study with support from recent work in literature, including structural color
applications inspired by the iridescent colors of peacock feathers.
7.2 Experimental Procedures
Materials and methods. Refer to chapter 3.
7.3 Results and Discussion
By balancing the degree of surface enrichment, phase separation, and wetting
within polymer grafted nanoparticle composites, a variety of unique PNC morphologies
can be generated. Figure 7.1 shows a series of representative cross-sectional TEM images
of a 25/75 wt.% PMMA-NP/SAN film as-cast (a) and annealed in both the one-phase (b)

Figure 7.1: Representative transmission electron microscope (TEM) cross-sectional
images of 25/75 wt.% PMMA-NP/SAN composite films (a) as-cast and annealed in
the (b) one-phase and (c) two-phase regions of the phase diagram for 24 hr. Below
each TEM image shows a cartoon representations of the cross-sectional view of the
thin-film morphologies in each region.
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and two-phase (c) regions of the PNC phase diagram. An as-cast image is included here
to show that the initial starting morphologies of the PNC reveal predominantly isolated
and uniformly dispersed PMMA-NPs (i.e., homogenous initial state). Following
procedures previously described by Maguire et al. (Chapters 5 and 6), the PNC
morphologies were induced by thermal annealing at 150°C (one-phase) and 190°C (twophase) for 24 hr under continuous argon flow, temperatures that are higher than the glass
transition temperature of the constituents (i.e.,

. As

seen in Figure 7.1b, the sample annealed in the one-phase region exhibits dispersed
PMMA-NPs throughout the thickness of the film, with an enriched concentration of NPs
at the free surface relative to the bulk. Figure 7.1c shows the formation of a trilayer
structure, PMMA-NP rich/SAN rich/PMMA-NP rich, that forms parallel to the substrate.
Specifically, columns of PMMA-NP aggregates span two PMMA-NP wetting layers and
are surrounded by a SAN-rich phase. For clarity, cartoon representations of the different
cross-sectional morphologies are shown below each TEM image in Figure 7.1. The
polymer physics that underpins the formation of each of these structures is beyond the
scope of this article and the interested reader is encouraged to read recent works by
Maguire et al. in which it is described thoroughly. Importantly however, the property
enhancements that result from such PNC formations is the focus herein.
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Figure 7.2: Atomic force microscopy (AFM) analysis of the surface of a 25/75 wt.%
PMMA-NP/SAN film as-cast and annealed at 190°C for 24 hr. Figures 7.2a, b show
AFM images of the as-cast and annealed PNC surface after performing 100
nanoindentations, respectively. Additionally, the teal and purple circles highlighted in
Figure 7.2b show a deep and shallow indent under identical peak load, respectively.
Figures 7.2c, d show corresponding apparent hardness property maps of the same PNC
films. Note: the indents for the property maps are much closer together than in (a, b).
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The mechanical properties (i.e., elastic modulus and hardness) of the different
PMMA-NP/SAN morphological systems were first evaluated by depth-sensing
indentation (DSI) on spun-cast thin films with a thickness of ca. 450 nm. Here, due to
the film thickness and small depth of indentation needed, atomic force microscopy
(AFM) was utilized as a depth-sensing instrument (i.e., AFM nanoindentation).
Traditionally, the modulus and hardness of the sample are inferred from the analysis of
the load-displacement curves subsquent to indentation with a tip of known geometry. In
this work, AFM nanoindentation for all PNC samples was performed at a rate of 100
nm/s and up to a maximum load of 1200 nN, which corresponds to an indentation depth
less than 10% of the film thickness to avoid substrate effects. The surface morphology
of the PNC films was observed using atomic force microscopy in tapping mode before
and after nanoindentation. Figure 7.2 depicts AFM images of the 25/75 wt.% PMMANP/SAN PNC post indentation for an as-cast sample (a) and one that has been annealed
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at 190°C for 24 hr (b). Interestingly, the indentations on the as-cast PNC are
homogenous and reach a consistent depth, while the indentations for the annealed
sample are inhomogenous in both depth and lateral area. An example highlighting the
difference between a deep and shallow indent under an identical peak load is shown in
Figure 7.2b, denoted by a teal and purple circle, respectively. Figures 7.2c, d display
corresponding apparent hardness property maps of the same as-cast and annealed PNC
films, respectively (note: the indents for the property maps are much closer together than
in 7.2a, b). Commensurate with the post indentation AFM images, the hardness map of
the annealed PNC film displays lateral inhomogeneity relative to the as-cast sample (see
Appendix D for corresponding modulus maps). We hypothesize that the regions of
increased hardness are responsible for the shallower indendation depths evident in
Figure 7.2b.

Figure 7.3: Mechanical properties of the PNC films before and after annealing at
190°C for 24 hr as measured through AFM nanoindentation. (a) plots the PNCs
apparent hardness as a function of the peak indentation load (i.e., deeper indents). (b)
plots the PNCs reduced modulus under identical peak loadings. (c) shows a schematic
representation of the AFM tip indenting the PNC surface at peak loading, resulting in a
depth of ca. 40 nm.
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Figures 7.3a, b plot the apparent hardness and reduced modulus as extracted
from the slope of the elastic recovery, respectively, for an as-cast and 24 hr 190°C
annealed 25/75 wt.% PMMA-NP/SAN film as a function of peak indentation load. Here,
each peak indentation load corresponds to an indentation depth of: 300 nN = 3 - 6 nm,
600 nN = 12 - 15 nm, and 1200 nN = 34 - 43 nm. A schematic representation of an AFM
nanoindentation experiment performed on a 24 hr 190°C annealed 25/75 wt.% PMMANP/SAN PNC at a peak load of 1200 nN is displayed in Figure 7.3c to highlight the
relevant lengthscales. From Figure 7.3, it is revealed that the unique nanocomposite
structures generated through thermal annealing (Figure 7.1) lend themselves to
mechanical reinforcement, with an increase in both hardness and modulus compared to
as-cast films. We note that the relative increase in both hardness and modulus upon
thermal annealing decreases with increasing peak indentation load (e.g., deeper indents),
attributed to increasing indentation size effects.39 An important question that arises is:

Figure 7.4: Mechanical properties of 25/75 wt.% PNC films annealed in the one-phase
(150°C) and two-phase (190°C) regions of the phase diagram for 24 hr. Figure 7.4a
plots the PNCs apparent hardness as a function of the annealing temperature. Figure
7.4b plots the PNCs reduced modulus under identical annealing temperatures.
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are the local mechanical enhancements due to (1) the increased local colloid density at
the free surface, or (2) reinforcement from the jammed colloid columns that span the
thickness of the film? Due to the lateral inhomogeneity in indentation depths as well as
commensurate lengthscales between the indents with increased hardness and the NP
pillars, we suspect that the property enhancements are due to the latter as previously
hypothesized.
To investigate if the jammed NP columns resist deformation more so than the
enriched NP layer at the free surface, AFM nanoindentation experiments were performed
on a 25/75 wt.% PMMA-NP/SAN film annealed in both the one-phase and two-phase
region of the phase diagram. As shown in Figure 7.1b, the samples annealed at 150°C
exhibit an enrichment of PMMA-NPs at the free surface of the film relative to the bulk,
but without the formation of PMMA-NP columns. Therefore, a direct comparison
between the mechanical properties of these two annealed samples should help elucidate
which NP morphology is contributing to the property enhancements the most. Figure 7.4
plots the apparent hardness and reduced modulus for a 24 hr 150°C and 190°C annealed
films with an as-cast film plotted for reference. As can be seen, a monotonic increase in
both hardness and modulus are achieved with increasing annealing temperature.
Interestingly, the change in hardness and modulus between the as-cast and 150°C
annealed films is comparable to the change between the 150°C and 190°C films. Taken
together, these results suggest that the enrichment of PMMA-NPs enhances the hardness
and modulus of the films, but the improvements are further increased upon the
morphological development of the PMMA-NP columns that span the two enriched layers.
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Similar enhancements to the mechanical properties of composites have been
observed in nanocomposites produced using the Capillary Rise Infiltration (CaRI)
method. Here, densely packed NP layers are infiltrated with melt polymer via capillary
forces, generating PNC films with extremely high nanofiller concentrations. These films
have shown promising property enhancements, specifically increased hardness and elastic
modulus. In addition, the high nanofiller fraction (> 50 vol.%) in CaRI leads to a
significant enhancement in nanoscale wear and scratch resistance.10 Other high inorganic
loading PNCs include recently developed polymer infiltrated scaffold metal (PrISM)
composites that utilize the same capillary infiltration method, resulting in bicontinuous
polymer/metal hybrids.40 Akin to the CaRI films, these PrISM composites are anticipated
to display increased hardness, modulus, as well as viscoelastic properties relative to the
individual consitutents due to the bicontinuous hard (metal) and soft (polymer) phases. In
contrast to the CaRI and PrISM composites, the method presented herein generates PNC
films with increased mechanical properties while utilizing significantly less inorganic
filler (<< 50 vol.%).
We now move to discussing the thermal stability of these unique PNC
morphologies. The thermal stability of the PNC should be improved, relative to the
polymer blend, because the jammed NP layers and NP columns should resist
deformation, similar to what we observed using AFM nanoindentation. Importantly, it
has been previously demonstrated that polystyrene nanoparticles will strongly segregate
to the substrate interface and form a monolayer upon annealing within a polystyrene
matrix, leading to dewetting inhibition.41,42 Similarly, cadmium selenide QDs also inhibit
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dewetting of polystyrene thin films when a monolayer of QDs is formed at the air
interface.41 Taken together, these results suggest that the presence of a layer of NPs at
either the free surface or substrate interface prevents the dewetting of polymer films. For
the case of symmetric wetting layers of NPs, preliminary results obtained by Maguire et
al. suggest comparable behavior,37 where the PNC morphology shown in Figure 7.1c
appears to be thermally stable for annealing times up to 3 days at 190°C as evident by the
films’ low root-mean square roughness values. Unlike the analogous 25/75 wt.%
PMMA/SAN polymer blend where the film dewets during the late stage evolution of
phase separation, the jamming of the PMMA-NPs at both interfaces arrests the
morphology. Specifically, the NPs halt interfacial roughening, which is the main
contribution to film rupture, and therefore increases film thermal stability.
This phenomena has been demonstrated extensively in previous work
investigating PMMA/SAN polymer blends and schematically shown in Appendix D.43–45
Figure D.3a shows the theory of spinodal dewetting, which describes how capillary
waves rupture a thin film when long-range van der Waals forces are present. As the films
are annealed for longer and longer times, small fluctuations in the film surface develop,
characterized by a wave vector, q. As these small disturbances grow, an excess pressure
relative to the pressure in a flat film is exerted by capillary pressure and long-range van
der Waals forces. When the van der Waals pressure (e.g., destabilizing force) becomes
greater than the films capillary forces (e.g., stabilizing force), flow of the material
(denoted by the arrows) from thin to thick regions occurs. While this contributes to film
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rupture, it can not sufficiently capture the degradation time-scales apparent in
PMMA/SAN blend experiments alone.
Due to the unique cross-sectional morphologies that form during thermal annealing
of the homopolymer blend, internal Laplace pressures develop that contribute
significantly to surface roughening. Specifically, there are two major sources for Laplace
pressures to stabilize and destabilize the PNC films. The stabilizing pressure results from
the surface curvature, which results from the long-range fluctuations having x and z
dimensions of λs and Rq, respectively, shown in Figures D.3a and D.3b. The destabilizing
pressure is generated from the internal structure, specifically by the SAN-rich domains.
Due to the increased radius of curviture of the SAN domains within thinner regions of the
film (i.e., r1 > r2), a net flow of material (e.g., SAN) is generated from depressed to
elevated regions when this internal pressure exceeds that of the stabilizing surface
pressure. This is schematically shown in Figure D.3b. Consequently, this flow amplifies
the long-wavelength fluctuations, resulting in significantly rougher films, and eventually
film rupture.
To experimentally probe the improved thermal stability of these PNC films due to
the jamming of PMMA-NPs, water contact angle measurements were taken as a function
of thermal annealing temperature and time. Figure 7.5 shows representative contact angle
measurements of a 25/75 wt.% PMMA-NP/SAN film annealed in the one-phase and twophase region of the phase diagram relative to the PMMA/SAN homopolymer analogue as
a function of annealing time. In addition, the water contact angle of a pure PMMA
homopolymer film (19 kg/mol) is plotted and has a water contact angle ca. 65°. For the
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25/75 wt% PMMA-NP/SAN film annealed at all temperatures, the contact angle
decreases with time. The samples annealed at the highest temperature (i.e., 190°C) have a
water contact angle approaching that of pure PMMA. This decrease in contact angle is
commensurate with what was observed using cross-sectional TEM (Figure 7.1), where
the surface becomes more hydrophilic during phase separation with PMMA-NPs
enriching the free surface. Additionally, the extent of PMMA-NP surface enrichment is
dependent on the annealing temperature, as noted previously. This extent has been
previously quantified for samples prepared under identical conditions using grazingincidence Rutherford backscattering spectrometry (GI-RBS) by Maguire and coworkers
(see Supporting Information or Chapters 5 and 6).

Figure 7.5: Water contact angle measurements of a 25/75 wt.% PMMA/SAN and
PMMA-NP/SAN film annealed at different temperatures for varying amounts of time.
The dotted line is the water contact angle of a pure PMMA homopolymer film. The inset
of Figure 7.5a plots the same data on a shorter x-axis, highlighting the wetting behavior
at short times. Figures 7.5b, c show cross-sectional schematics of the PMMA/SAN and
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PMMA-NP/SAN films, respectively, after 4320 min of thermal annealing at 190°C
(Note: The open data symbols in (a) correspond to these two conditions).
Interestingly, the contact angle for the PMMA/SAN homopolymer blend
decreases rapidly and approaches that of pure PMMA for short annealing times.
However, as the sample is annealed for times that approach the late stage of spinodal
decomposition, the contact angle increases rapidly (ca. 72 hr). This suggests that the
homopolymer film is beginning to dewet, and film rupture is occuring. As the films
begin to dewet and form pin-holes smaller than the capillary length of water (ca. 2 mm),
the water contact angle is determined by the balance between the PMMA enriched layer
and air gaps. Since air creates a contact angle of 180°, the increase in water contact
angle at 72 hr (4320 min) is expected, and can be quantified using the Cassie-Baxter
equation. A schematic representation of the 190°C 72 hr annealed PMMA/SAN film and
the 190°C 72 hr annealed PMMA-NP/SAN film behavior is shown in Figures 7.5b, c

Figure 7.6: Optical microscopy images of (top) 25/75 wt.% PMMA-NP/SAN and
(bottom) 25/75 wt.% PMMA/SAN films annealed at 190°C for up to 168 hr,
respectively, using a 10x objective lens and 1.67x relay lens.
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(Note: these two conditions correspond to the open symbols in Figure 7.5a).
To compliment the water contact angle measurements, optical microscropy
images were taken of PMMA/SAN and PMMA-NP/SAN films annealed at 190°C to
monitor their dewetting behavior as a function of annealing time. It is evident that after
168 hr of annealing, the nanocomposite film remains stable, with a homogeneous surface
morphology (Figure 7.6, top). Conversely, the bottom row of Figure 7.6 demonstrates
that the homopolymer blend is unstable after only 72 hr, with clear dewetting of the film
occuring. Both the water contact angle measurements as well as the optical microscopy
images support the hypothesis that the interfacially jammed PMMA-NPs halt the
formation of long-wavelength fluctuations at the surface, and suppress film rupture, even
for annealing times ca. 2.5

longer than previously investigated by Maguire et al.37 (see

chapter 6).
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Figure 7.7: Different structure-property relations in the self-regulated PNC films,
including the applications of: (top left) mechanical reinforcement, (top right) increased
thermal stability, (bottom left) structural color, (bottom right) barrier coatings, and
(bottom) tuning the optical adsorption of a PNC film.
So far, the presented study has highlighted two structure-property relationships
that result from the unique PNC morphologies generated herein by balancing the degree
of surface enrichment, phase separation, and wetting within the films. However, we
believe that the applications of such PNC morphologies may be substantially broader,
including applications in: (1) structural color applications, (2) tuning optical adsorption,
and (3) barrier coatings; These are highlighted in Figure 7.7. For support, we look to
several pieces of literature and discuss the advantages of utilizing the phenomena
presented in this study.
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Structural Color
Medina et al. recently discussed that the vibrant, iridescent colors of many avian
feathers arise from coherent light scattering from self-assembled structures within the
feather barbules.46 More specifically, the quasi-ordered structures have spatially periodic
variations in refractive index, leading to a variety of iridescent colors.47,48 A well-known
example of this is within a peacock tail feather (Figure 7, bottom left), where melanin
rods within the feather barbules arrange into submicron microstructures, reminiscent of
the structures that are presented in Figure 7.1.49–51 Depending on the size and lattice
spacings of the rods, as well as the degree of ordering, the iridescent effects in these
feathers can be made more or less vivid. An example of this is shown in Figure 7.7,
where cross-sectional TEM imaging is used to compare two different peacock feathers
that are at different stages of feather development (adolescent versus adult). Here, the
melanin rods in the adolescent peacock feather are thinner and arrange into a more
disordered 2D crystal structure. Additionally, the rod spacing is shorter in the parallel
direction. As such, the adolescent peacock feather is more dull than the adult feather,
highlighting the importance of controlling the ordering and periodicity of the nanoscale
scatterers. Pursuent to this work, the degree of NP surface enrichment and interfacial
ordering in a PNC film can be controlled by tuning the annealing temperature and time,
analogous to the arrangement of melanin rods during feather development. This lends
credence to the potential application of tunable PNCs for artificial structural color.
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Optical Adsorption
It is well known that various arrangements of metal NPs (e.g., gold, silver, etc.)
lead to plasmonic structures, which are often constructed through the use of templates or
organic grafts.52,53 Here, the plasmonic properties of the metal NPs are highly sensitive to
both their orientation and dispersion state (e.g., center-to-center interparticle distance,
shape anisotropy, etc.). Importantly, many of these approaches result in static distances
between NPs, resulting in fixed plasmon coupling.52,53 In other words, the PNCs
structures reach their equilibrium state and then temporally remain unchanged. Hore et al.
have previously demonstrated this extensively using composite systems composed of
gold nanorods in a polymer matrix through tuning the PNC miscibility, NP aspect ratio,
and the chemistry of the NP graft attached to the nanorod.54–56 Therefore, to circumvent
this potential bottleneck, it is desirable to design a system such that the interparticle gap
distance, which controls the extent of plasmon coupling, can be reversibly switched on
and off, or even perhaps, a system that allows for multiple interparticle gap distances in a
single system.
Through the balance of NP surface enrichment, phase separation, and wetting, we
have demonstrated the formation of three different PNC morphologies using the same
PNC system that result is a variation of center-to-center interparticle distances. As-cast
25/75 wt.% PMMA-NP/SAN films reveal uniformly dispersed NPs with an average
center-to-center interparticle distance of ca. 47 nm. During annealing at 150°C for 24 hr,
there is an enrichment of NPs at both the free surface and substrate interfaces, resulting in
near monolayers of PMMA-NPs while maintaining a uniform dispersion of NPs within
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the bulk of the film. As a result, there is a bimodal distribution of center-to-center
interparticle distances due to both well dispersed and interdigitated NPs (i.e., ca. 47 - 28
nm, with the latter previously reported by Maguire et al.38, see chapter 4). At the highest
annealing temperature (i.e., 190°C, 24 hr), there is the formation of a trilayer structure,
PMMA-NP rich/SAN rich/PMMA-NP rich, that forms parallel to the substrate, with an
average center-to-center interparticle distance of ca. 28 nm.
Importantly, the LCST nature of the PMMA-NP/SAN PNC system offers a
potential solution to the static distances between NPs that result in fixed plasmon
coupling. Bockstaller et al. have recently shown that LCST PNC systems can be tuned
via thermal cycling to enable the reversible growth or shrinkage of NP domains.57
Therefore, the substitution of the SiO2 NP core with a metallic NP should result in a
material system that has the potential to reversibly tune the plasmon resonance of NPs
depending on the annealing temperature and time, as well as the molecular weight of the
graft (Figure 7.7, bottom). Such NPs have been previously synthesized and are
chemically realizable.58,59
Barrier Coatings
The corrosion of metals is a tremendous issue in the present day, and costs
approximately 2.5 trillion USD including the application, operation, inspection and
maintenance of corrosion resistant materials.60 Additionally, corrosion results in the
decay of mechanical and chemical stability of the materials which can result in
mechanical failure with the potential to lead to accidents or tragedies, highlighting the
importance of the development of advanced protective coatings that have excellent
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anticorrosion properties with low permeability of reactive species such as oxygen and
water.61,62 Recently, the introduction of nanomaterials with various properties into a
polymer matrix has led to the development on PNC coatings with improved anticorrosive
abilities. Inorganic NP fillers that have been commercialized and widely used include
SiO2, ZnO, Al3O2, TiO2, clay, graphene, and carbon nanotubes.60 Many reports have
shown that the NPs alter and lengthen the diffusional path of gases and vapors by
increasing the tortuosity, and thus enhance the corrosion protection of the PNC films.
However, in order to increase the tortuosity of the diffusive pathways, controlling the
dispersion state of the NPs is crucial in the design of functional coatings. Uncontrolled
NP aggregation has been shown to lead to a severe decline in corrosion resistance and a
decrease of barrier properties.63 Further benefits of the incorporation of inorganic NPs
include the inhibition of micro crack and pore formation within the films which enhances
the barrier effect of the coating. Important to the work presented herein, the incorporation
of SiO2 nanoparticles into polymeric coatings have led to improvements in mechanical
properties, durability, and anticorrosion properties, and therefore exhibit great potential in
PNC coatings.60,64 Taken together, these results highlight the benefits of employing the
PNC morphologies demonstrated in Figure 7.1, where SiO2 NPs can be organized at the
film interfaces to increase scratch and wear resistance, while remaining uniformly
dispersed in the bulk of the film to maximize its tortuosity (Figure 7, bottom right).
7.4 Conclusion
This chapter has outlined different strategies to design self-regulated PNC
morphologies with enhanced properties, including improved modulus, hardness, and
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thermal stability compared to analogous homopolymer blend systems. Specifically, this
chapter utilizes the thermodynamic (Chapter 4) and dynamic (Chapters 5 + 6) insights
obtained from previous studies to create PNCs with decoupled bulk and surface
morphologies. By understanding the thermodynamics and kinetics of NP assembly in
polymer matrices in this way, new PNC films with precise structure-property relations
can be developed. The morphologies demonstrated herein lend themselves to additional
applications as well, including those in: (1) structural color applications, (2) tuning
optical adsorption, and (3) barrier coatings.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
8.1 Conclusions and Future Work
Understanding the fundamental polymer physics and science that govern NP
dispersion inside of PNCs remains one of the most important challenges in the field of
macromolecules.1 Perhaps even more importantly, the investigation of structure-property
relationships of different PNC morphologies is even more nascent, particularly in niche
fields such as solid polymer electrolytes2–5 or in gas transport membranes6,7. While many
fundamental studies have shed light onto this area of research and have achieved highly
reproducible results (e.g., phase behavior in athermal PNCs), it is clear that considerable
improvements remain to be exploited. For instance, how can the interface between
NP/matrix be further manipulated to change NP miscibility or how can different
processing methods be implemented to achieve unique PNC morphologies never before
seen?
This thesis contributes to several of these important topics, with the first being the
exploration of strategies that can be used to manipulate the phase behavior (i.e.,
miscibility windows) of binary and ternary PNCs. Traditional strategies to control the
dispersion state of grafted NPs in a polymer matrix include the manipulation of one or
more of four main variables, including the grafting density of the polymer brush, the
degree of polymerization of the brush, the degree of polymerization of the matrix, or the
Flory-Huggins interaction parameter. This thesis however develops a new method.
Through the addition of a ternary component (PMMA homopolymer) to a binary PNC,
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changes in NP miscibility are achieved through interfacial compatibilization between the
grafted NP (PMMA-NP) and matrix polymer (SAN). The phase boundary can be further
shifted depending on the loading of the ternary component.
Through the thermodynamic insights (e.g., phase diagrams) gained in the first part
of this thesis, we investigate the interplay between surface enrichment, phase separation,
and wetting in thin film PNCs and the unique morphologies that can be created. When
PNC films are annealed in the one-phase region of the phase diagram, surface enrichment
of the lower surface energy component (PMMA-NP) occurs, with a homogeneous
distribution remaining in the bulk of the film. Upon quenching into the two-phase regime,
wetting and phase separation occur simultaneously. Here, the PMMA-NPs wet both the
surface and SiO2 substrate, forming a thin layer, with hydrodynamic flow driven wetting
occurring in the bulk of the film.8,9 This leads to the development of a tri-layer structure,
with two symmetrical PMMA-NP rich wetting layers sandwiching a SAN rich phase
containing PMMA-NP pillars (e.g., columns) that span the two wetting layers.
Importantly, we investigate several structure-property relationships in PNCs that take
advantage of the ‘jammed’ morphologies, including enhanced mechanical properties,
increased thermal stability, structural color applications, among others.
Specifically, Chapter 2 of this thesis provides the reader with the theoretical
background needed to understand and interpret the research presented herein. It begins
with an overview of the phase behavior of polymer blends, including the theory of
spinodal decomposition, wetting, and dewetting. Importantly, these three mechanisms are
crucial in the design of the functional PNCs discussed in Chapters 4 - 7. This is followed
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by a discussion of the phase behavior of polymer grafted nanoparticle composites, and
the balance between several key experimental parameters that can lead to an array of
different morphologies. This is to highlight why the approach utilized in Chapter 4 is so
unique to the field of PNCs. Lastly, we review the governing mechanisms and
fundamental polymer physics concepts dictating nanoparticle dynamics in a variety of
polymer melts to provide context for the reader for Chapters 5 and 6.
In Chapter 3, details are provided that describe the experimental methods and
characterization techniques utilized in this thesis to investigate the thermodynamic and
kinetic behavior of the PNCs. It begins with an introduction of the materials used
throughout the dissertation, including topics such as the constituent glass transition
temperatures, molecular weights, and purification processes. Depending on the
experimental technique, PNC films were uniquely prepared and are described thoroughly
in Chapter 3 (e.g., spin-coated on glass, silicon, or silicon substrates with sacrificial oxide
layers). Complementary techniques used to observe the structure of the PNCs as well as
determine PMMA-NP concentration profiles are described, including a brief working
overview of their operation.
Chapter 4 investigates binary and ternary nanocomposites of poly(methyl
methacrylate) grafted silica nanoparticles (PMMA-NP), in poly(styrene-ran-acrylonitrile)
(SAN), and poly(methyl methacrylate) matrices as a platform to directly probe governing
parameters guiding phase behavior and nanoparticle assembly in composite materials.
Through the addition of PMMA matrix chains similar in molecular weight to the grafted
PMMA chains but significantly smaller than the SAN matrix chains, we demonstrate that
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nanoparticle miscibility in off-critical compositions is increased due to interfacial
segregation of PMMA matrix chains. Additionally, we derive a simple interfacial model
based on the pervaded volume of each constituent to use as a general guideline for
predicting the extent of compatibilization. Further insights on compatibilization behavior
are provided by polymer-particle pair correlation functions and structure factors obtained
using polymer reference interaction site model theory (PRISM) calculations as well as
polymer concentration profiles from molecular dynamics (MD) simulations. This study
serves as a guideline to facilitate PNC processing and design of materials, as well as
provide the thermodynamic insight needed to probe the PNCs in their one- and twophase regions to extract information regarding their structural development, kinetics, etc.
(see Chapters 5 and 6).
While the proposed homopolymer compatibilization model was supported via
MD simulations, future experiments should incorporate labeled PMMA homopolymer
(e.g., deuterated) into the ternary PNCs to be able to track their preferential localization
during phase separation for direct experimental evidence using, for example, small angle
neutron scatterings (SANS). Additional studies should investigate the complete phase
behavior of ternary PNCs to discover which systems (i.e., parameters) lead to the greatest
enhancements in miscibility. Due to the extremely large parameter space of these ternary
PNCs (e.g., grafting density, P/N ratio, temperature, composition, etc.), it would be
beneficial to use PRISM calculations, MD simulations, and theoretically informed
Langevin dynamics (TILD) simulations to efficiently identify the key parameter values
that would lead to the greatest enhancements in compatibilization. Once ideal conditions
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are identified, experiments can be performed following procedures described in Chapter 4
to test the validity of the predictions. Additionally, this would allow for a thorough
comparison among liquid state theory PRISM calculations, coarse-grained (CG) MD
simulations, and TILD PNC phase behavior predictions, which would be the first of its
kind for the same PNC system. This could potentially highlight the pros and cons of
utilizing the three different methods which use different underlying assumptions.
In Chapter 5, we investigate the surface enrichment of PMMA-NPs at the surface
of miscible PNC films based on previous investigations of homopolymer blends. The
previous studies have demonstrated that the surface composition and surface excess
(adsorbed amount) of the lower surface energy component of a miscible polymer blend is
often higher than the bulk. Herein, we utilize the binary phase diagram derived in Chapter
4 and anneal 25/75 wt.% PMMA-NP/SAN PNC films at 150°C for various amounts of
time and show that the PMMA-NPs densely grafted with PMMA exhibit analogous
behavior to linear homopolymers. Using a combination of atomic force microscopy,
transmission electron microscopy, and Rutherford backscattering spectrometry, the
evolution of the grafted NP surface excess is monitored. The growth of the surface excess
of PMMA-NPs is interpreted as a competition between entropic constraints, surfaceenergy differences of the constituents, and the Flory-Huggins interaction parameter, χ.
Using analytical expressions derived for homopolymers blends, the extent of surface
enrichment is calculated and compared to the experimental values presented herein.
Having such control over the surface composition of a PNC is relevant for materials
requiring surface functionality that is decoupled from the bulk. Such examples include
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self-healing interfaces and surfaces,10 hierarchical structured 3-D nanocomposites for
plasmonic applications,11 and nanoparticle surface-enriched polymer composite scaffolds
to promote bone repair.12
The current theory used to predict the extent of surface enrichment in polymer
blends is based on two key assumptions: (1) valid use of the Flory-Huggins form for the
free energy of mixing, and (2) equal degrees of polymerization between constituents. In
Chapter 5, the degree of polymerization of the SAN matrix is ca. 6x larger than the
PMMA graft. Additionally, the Flory-Huggins free energy of mixing for a graftednanoparticle/homopolymer blend is different than a homopolymer/homopolymer blend,
as recently derived by Riggleman et al.13 Therefore, it is unsurprising that our
experimental results are not captured by the theoretical equations. Future studies should
aim to modify the homopolymer blend theory and adjust it for PNCs in order to
accurately predict the enriching behavior of polymer-grafted NPs in homopolymer melts.
Akin to Chapter 5, Chapter 6 of this thesis utilizes the binary phase diagram
derived in Chapter 4 and investigates 25/75 wt.% PMMA-NP/SAN PNC films, but now
in the two-phase region of the phase diagram to investigate simultaneous wetting and
phase separation. By annealing above the lower critical solution temperature (LCST, 160
°C) of the PNC, we show that the wetting of polymer-grafted nanoparticles (NPs) in a
polymer nanocomposite (PNC) film is driven by a difference in surface energy between
components as well as bulk thermodynamics, namely, the value of the interaction
parameter, χ. Atomic force microscopy studies show that the areal density of particles
increases rapidly and then approaches 80% of that expected for random close-packed
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hard spheres. A slightly greater areal density is observed at 190°C compared to 170°C.
Preliminary experiments suggest that the PMMA-NPs prevent dewetting of PNC films
under conditions where the analogous polymer blend is unstable (see Chapter 7 for a
complete investigation). Transmission electron microscopy imaging show that PMMANPs symmetrically wet both interfaces and form columns that span the free surface and
substrate interface. Using grazing-incidence Rutherford backscattering spectrometry, the
PMMA-NP surface excess (Z*) is found to initially increases rapidly with time and then
approach a constant value at longer times. Consistent with the areal density, Z* is slightly
greater at deeper quench depths, which is attributed to the more unfavorable interactions
between the PMMA brush and SAN segments. The Z* values at early times are used to
determine the PMMA-NP diffusion coefficients, which are significantly larger than
theoretical predictions discussed in Chapter 2. These studies provide insights into the
interplay between wetting and phase separation in PNCs and we hypothesize that that
they can be utilized in nanotechnology applications where surface-dependent properties,
such as wettability, durability, and friction, are important.
Similar to Chapter 5, the experimental results in Chapter 6 fail to be captured by
prevailing theoretical models (i.e., Stokes-Einstein). A more complete diffusion model
for the present study would include driving forces due to simultaneous wetting and phase
separation, which will significantly influence NP diffusion. Therefore, future theoretical
and computational studies should focus on the development of such a model.
Additionally, as highlighted in Chapter 2, it would be beneficial to systematically
investigate grafted nanoparticle dynamics in these PNC systems as a function of their
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grafting density, molecular weight, effective size, as well as their enthalpic interactions
(i.e., graft-NP, NP-matrix, graft-matrix) since it known that the diffusive behavior of
polymer grafted nanoparticles is highly dependent on each of these. Furthermore, it
would be interesting to investigate the effects of solvent annealing on the PNC
morphology development as well as the kinetics of formation. While these thermally
annealed films display promising property enhancements (Chapter 7), the processing
timescales are impractical for many industrial applications (e.g., 7 days at 190°C).
Therefore, finding ways to expedite the development of the unique PNC structures
presented herein through other processing methods such as solvent annealing would be
impactful. This is applicable to Chapter 5 as well.
Lastly, Chapter 7 utilizes the fundamental insights from Chapters 4, 5, and 6 to
fabricate PNC morphologies that have enormous potential for bio-inspired applications in
the hopes of making ‘next generation’ materials. By balancing the degree of surface
enrichment (Chapter 5), phase separation and wetting (Chapter 6) within the PNCs, the
thin films undergo different stages of phase evolution, resulting in homogenously
dispersed systems at low temperatures (see Chapter 4), enriched PMMA-NP layers at the
PNC interfaces at intermediate temperatures (see Chapter 5), and three-dimensional
bicontinuous structures of PMMA-NP pillars sandwiched between two PMMA-NP
wetting layers at high temperatures (see Chapter 6). Using a combination of AFM, AFM
nanoindentation, water contact angle, and optical microscopy, we show that these selfregulated structures lead to nanocomposites with increased modulus, hardness, and
thermal stability compared to analogous PMMA/SAN blends. At the end, we highlight

224

additional structure-property relationships that can utilize the phenomena presented in
this study with support from recent work in literature.
Future experiments should continue to investigate the local mechanical
enhancements of the PNC films and try to definitively prove that they are due to either:
(1) the increased local colloid density at the free surface, or (2) reinforcement from the
jammed colloid columns that span the thickness of the films. Experiments could include
AFM milling using the AFM probe itself to remove the surface layer of PMMA-NPs,
exposing the underlying SAN-rich phase. Performing AFM nanoindentation of the milled
region could show that stiffening of the film persists below the surface-segregated
nanoparticle layer. Most ideally, we would see inhomogeneous property improvements
that could be mapped to either imaging-detectable nanoparticle columns, or at least hard
spots separated by distances corresponding to columnar spacings obtained from crosssectional TEM imaging (Chapter 6). Additional experiments should investigate the three
additional structure-property relations outlined at the end of Chapter 7 (e.g., structural
color, optical adsorption, and barrier coatings).
8.2 Broader Directions
With the growing threat that is global warming, there has been a movement from
our dependence on fossil fuels towards the use of clean energy sources. These green
technologies decrease the problems associated with the exhaustion of natural resources as
well as protect public health. While the progress made in the development of efficient,
renewable energy sources such as solar energy, wind power, and hydroelectricity has
been tremendous, the ability the store energy reliably, safely, and efficiently is lacking.
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The currently available Li-ion batteries are often expensive and lack enough energy
density to replace conventional fossil-fuel alternatives. In addition, state of the art
batteries operate using a liquid electrolyte, which are often both unstable and toxic to the
environment.
Solid polymer electrolytes (SPEs) aim to address one of these complex
challenges. Interest has been motivated by the ability of SPEs to suppress short-circuits
common in liquid electrolytes as well as reduce degradation due to their increased
mechanical stability.14 Recent work by Glynos et al. combined a mechanically robust star
polymer with a solid polymer electrolyte, resulting in increased mechanical properties
and ionic conductivities comparable to liquid electrolytes.3 Another study demonstrated
that ion conduction within the electrolyte exhibits the highest mobility when the
conducting phase is fully percolated.4 However, a major disadvantage of SPEs is that
they have low ionic conductivity at room temperature. Depending on the operating
temperature, the conductivity of these materials is often limited because ion motion is
coupled with the segmental motion of the ion-conducting polymer chain. As a result, the
improved mechanical properties often come at the cost of reducing ionic conductivity, as
faster polymer motion results in a decrease in stiffness. This issue is particularly
prevalent in homogeneous polymer materials. Taken together, these studies indicate a
need to control the ion conductivity of the SPEs as well as improve their mechanical
stability before they can replace conventional liquid electrolytes.
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Important to this dissertation, Bocharova and Sokolov recently published a review
that provided an overview of the current developments in the field of polymer
electrolytes. While the complete details are beyond the scope of this chapter, they noted
that composite SPEs are the most promising approach (as opposed to gels, block
copolymers, etc.) for use in solid-state batteries given their potential to address current
limitations regarding ion conductivity, cation transport number, mechanical properties,
and electrode adhesion.5 Here, composite SPEs are prepared through the integration of

H3O+

PS-SS NP

Figure 8.1. A schematic highlighting the importance of PNC morphologies on ion
transport. Specifically, hydronium ion transport through discrete (a) and percolated (b)
PS-SSx grafted NP morphologies.
227

ceramic fillers (e.g., Al2O3 or SiO2) into polymers such as PEO, PAN, PMMA, and
PVDF.5 Leveraging knowledge obtained from studies of model polymers in this thesis,
future projects can design and build composite SPE systems that achieve percolation,
resulting in high ion mobility pathways, by controlling the phase separation of ion
conducting grafted SiO2 NPs within a matrix polymer (see Figure 8.1 as an example).
Additional advantages of utilizing polymer grafted NPs are that the segmental
dynamics of the tethered brushes can differ from analogous free chains.15–17 Further, the
confined brush regions at the interfaces of the NP assembles, as well as the NP surface,
provide continuous pathways for ion or small molecule transport. It has been reported
that ion transport in nanopores and nanochannels differ from bulk transport.18–22 For
example, ultrafast and highly selective ion permeation has been observed in two
nanometer nanochannels.23

Fast ion transport has also been reported for MoS2

nanosheets anchored on 3D-porous carbon nanosheets.24 The origin of enhanced ion
mobility is not entirely well understood in part because features below 10 nm are difficult
to fabricate and systematically vary. However, the use of grafted nanoparticles offers a
novel approach whereby the brush regions, extending from a percolated network of
nanoparticles, provide a confined pathway that can be systematically varied by changing
the molecular weight and grafting density of the brush. Additionally, the mechanical
characteristics of grafted NPs is strongly dependent on the degree of polymerization and
grafting density of surface-grafted chains, where a transition from particle-like to
polymer-like deformation is observed with increasing degree of polymerization.25
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With this in mind, we propose a systematic investigation of ion conduction in a
composite SPE composed of poly(styrene-ran-styrenesulfonate) (PS-SSx) tethered SiO2
NPs and a PS-SSx or PS matrix. Depending on the synthesis procedure of PS-SSx NPs,
the degree of sulfonation along the PS backbone can range anywhere between 0 – 100
mol%. Incomplete sulfonation leads to compositional heterogeneity along the backbone
and distributions in melt properties. Small populations of unsulfonated styrene may yield
hydrophobic regions which are prone to aggregation. This issue can be diverted by
increasing the degree of sulfonation. However, this comes at the cost of increasing the
glass transition temperature of the PS-SSx quite significantly (i.e., decreased segmental
dynamics). Additionally, changing the degree of sulfonation changes the miscibility of
the PS-SSx NP within the host matrix. Thankfully, thermodynamic insights can be gained
by previous work performed by Zhou et al. who investigated the phase behavior of PS
and PS-SSx blends, which is crucial in the design of percolated versus discrete NP
domains.26
Future experiments should include thorough investigation of the experimental
conditions needed to create percolated networks from the grafted NPs (similar to Chapter
4 of this dissertation). We additionally propose that experiments should focus on the
brush region surrounding the NPs. In particular, the segmental dynamics of the brush as
well as the ion mobility through the brush (and matrix) should be investigated. Previous
dielectric measurements of polyisoprene grafted nanoparticles showed that brushes
relaxed orders of magnitude more slowly than the corresponding free molecule.27
Counterintuitively, this slowing down was enhanced at low grafting density and for
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unentangled grafted polymers because of increased interchain coupling. Important for
ion transport though brushes, this study also suggests that the dynamics of grafted chains
are more cooperative than free chains. Several recent reviews summarize our current
understanding of brush dynamics grafted to a nanoparticle.16,17,28
Neutron spin echo (NSE) has become an increasingly popular method for
measuring the relaxation dynamics of adsorbed or grafted polymers on NP.29,30 NSE was
used to measure the matrix relaxation of poly(ethylene-propylene) (PEP) blended with
polyisoprene coated NPs and concluded that NPs did not perturb local dynamics but
rather increased entanglements.31 Other studies of polymers adsorbed on NPs suggest that
confinement near surfaces slows or arrests the relaxation of adsorbed polymers.32 Of
importance to this chapter, broadband dielectric spectroscopy experiments33,34 and
simulations35 indicate that grafted chains relax more slowly than free chains.

NSE

studies of grafted brushes are gaining recent attention.36 For grafted NPs in pure solvent,
brush relaxations at short times follow the Zimm model, whereas longer time relaxations
are slowed by neighboring chains.29 By selectively deuterating the inner and out regions
of the polymer brush, relaxations closer to the NP (concentrated polymer brush regime)
were slower than those at the periphery (semidilute polymer brush regime). Therefore,
future studies should utilize NSE to determine brush dynamics for comparison with ion
mobility in these composite SPEs systems.
8.3 Summary
Taken together, these proposed future studies build upon the fundamental insights
gained throughout Chapters 4 – 7 of this dissertation and have the potential to shed some
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light onto the complex interplay between grafted chain dynamics, degree of charge
carriers, morphology and may help facilitate the improvement of ion conductivity in state
of the art composite SPEs.
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APPENDIX A
Supplemental Information for Chapter 4

A.1 Nanocomposite Constituents’ Characterization
The distribution of particle size can be measured using small-angle X-ray
scattering (SAXS), dynamic light scattering (DLS), transmission electron microscopy
(TEM), etc. and described by log-normal distributions. Here, we define the geometric
median diameter (

) by
(A.1)

Where

is the nanoparticle diameter measured through TEM (Figure A.1), and

number of particles with

is the

. Using equation A.1, we calculate the mean diameter of our

PMMA-NP cores to be 15 nm. We then calculate the geometric mean standard deviation
( ), or polydispersity, of these particles using

(A.2)

where

represents the breadth of the log-normal distribution. For perfectly monodisperse

nanoparticles,

, and for the polydisperse particles utilized in this study,

237

.

Figure A.1. Representative ultramicrotomed cross-sectional TEM micrograph of a 25 wt
% loading of PMMA grafted silica NPs well dispersed in a SAN matrix. Using ImageJ
software, the core diameters were measured and input into eq. A.1. Scale Bar is 200 nm.

Figure A.2. Thermogravimetric Analysis (TGA, TA Instruments Q600 SDT) of 19
kg/mol PMMA grafted silica NPs. The grafting density of the PMMA-NPs was
determined to be 0.7 grafts/nm2 using this data.
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Figure A.3. Dynamic Light Scattering (DLS, Malvern Zetasizer nano-s) of 19 kg/mol
PMMA grafted silica NPs. The hydrodynamic radius (Rh) of the PMMA-NPs was
determined to be 19 nm using this data.

Figure A.4. Differential Scanning Calorimetry (DSC, TA Instruments Q2000) curves at a
heating rate of 5 °C/min of PMMA-NP, SAN, and PMMA, demonstrating glass transition
temperatures (Tg) of 124 °C, 114 °C, and 110 °C, respectively.
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A.2 Sample Preparation for Ultramicrotomy
To prepare the samples for electron microscopy characterization, the spin-coated
and annealed PNC films were lifted from their substrates and embedded in epoxy. Once
the epoxy cured, ca. 70 nm cross sections of the PNCs were prepared by ultramicrotomy
with a room temperature diamond knife. A schematic representation of this sample
preparation procedure as well as a representative cross-sectional TEM micrograph can be
seen in Figure A.5.

Figure A.5. Schematics for the sample preparation of PNC films for ultramicrotomy (a)
and a representative cross-sectional TEM micrograph of a 400 nm 25/75 wt % PNC film
obtained through this process (b).
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A.3 As-Cast Polymer Nanocomposite Characterization
In order to extract the average center-to-center interparticle distances from the
TEM images using autocorrelation functions (ACF), the TEM images had to first be
binarized. Using ImageJ software, a median filter was created using the raw TEM image
data. In doing so, the noise in the image was reduced by replacing each pixel with a
median value of the neighboring pixel values within some defined radius. Subsequently,
the median filter was subtracted from the original TEM image, resulting in an image with
reduced background noise and more discernable NPs. Following the background
subtraction, the image was converted into a binary black and white image. Finally, the
binarized images were processed using Gwyddion software. Radial autocorrelation
functions of the images were produced to discern the average center-to-center
interparticle distances of the grafted nanoparticles. Figure A.6 shows the resultant
autocorrelation functions for both binary and ternary PNCs at the lowest and highest
loadings of particles. At the lowest loading of particles (5 wt %), the ACF results in no
correlation peak, while the highest loadings of particles (50 wt %) results in an average
center-to-center interparticle distance of ca. 45 nm. The IDs obtained from TEM and
SAXS were then compared to the ID predicted by theory. Figure A.7 shows that the ID
initially decreases strongly as

increases, and then slows for

values of .02 and

.05. The ID calculated by Eq 4.11 (dashed line) and obtained experimentally through
SAXS (red diamond) and TEM (green diamond) are in very good agreement.
Interestingly, the ID values derived from TEM ImageJ analysis are consistently lower
than both the theoretical and SAXS correlation lengths. We attribute this to the
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microtombed slices being several NPs thick (ca. 70-100 nm), resulting in a 3D structure
being projected onto a 2D micrograph, and hence smaller measured distances.

Figure A.6. Autocorrelation functions of TEM micrographs (Figure 4.1) of binary (top
row) and ternary (bottom row) PNCs at 5 wt % and 50 wt % nanoparticle loadings.

Figure A.7. Center-to-center interparticle distance plotted as a function of NP volume
fraction according to eq. 4.11 (dashed line), TEM (green diamond) and SAXS (red
diamond) for as-cast binary PNC films. The inset shows the center-to-center ID as a
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function of NP volume fraction for the as-cast ternary PNCs according to eq. 4.11, TEM,
and SAXS using the same legend.
A.4 Preliminary Phase Diagram Determination
The phase diagram of the binary and ternary PNC was determined from bulk
films (ca. 2.0 - 2.5 μm). These films were deposited onto glass substrates and annealed on
a hot stage (Mettler FP-82, Mettler Toledo, INC.) under continuous argon flow and
immediately quenched to room temperature after 24 and 72 h. The cloud point transition
(phase boundary), was defined as the temperature at which the film changed from
transparent to opaque when viewed against a black background. A representative series
of thermal annealing treatments for one binary PNC composition is displayed in Figure
A.8. In order to confirm that the 24 h annealing times are sufficiently long to reach quasiequilibrium morphologies, 50/50 samples were also annealed for 72 h (Figure A.9).
When annealed in the one phase region, there is no discernable difference in PNC
morphologies temporally.

Figure A.8. Cloud point transition of a 50/50 wt % PMMA-NP/SAN bulk film. The teal
box designates samples that are within the two-phase region.
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Figure A.9. Representative cross-sectional TEM micrographs of a ca. 2.3 μm 50/50 wt
% PNC film annealed at 150 °C for 24 h (left), and 72 h (right).

Figure A.10. TEM micrographs of 5/95 (a) and 5/95/5 (b) wt % PNC film annealed at
180°C for 24 h. Figures (c) and (d) show the corresponding frequency of nanoparticle
clusters of a given size within the TEM micrographs shown in (a) and (b),
respectively.
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Figure A.11. Small-angle X-ray scattering profiles of binary (a, c, e) and ternary (b, d,
f) PNC films annealed at the indicated temperatures for 24 h. The profiles are
vertically shifted to avoid overlap and more clearly track evolutions in scattering
peaks.
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A.5 Simulation/Theory Parameters for Polymer Nanocomposite Systems

Table A.1: Comparison of the experimental and simulation/theory parameters, namely,
particle size, grafting density, graft, matrix_1 and matrix_2 chains lengths (as indicated in
the first column) and justification for chosen computational parameters.

Experiment

Simulation/Theory

Justification for chosen
computational parameters

Diameter: 15
nm

Diameter DP = 7.65 nm or 5d
where d is the simulation length
scale of 1.53 nm based on
Kuhn segment length of
PMMA

Particle size of 15 nm will not give
solutions within PRISM theory. So the
particle diameter is reduced to 5d
corresponding to the largest particle/Kuhn
segment ratio that will produce solutions
for PRISM theory calculations. (see note
below related to graft and matrix chain
lengths)

Particle
Chemistry:
silica

Grafting
Density

0.7 chains/nm2,
(approx. 495
chains per
particle)

Graft

Chemistry:
PMMA
Molecular
weight: 19,000
g/mol

graft CG bead size = 1d, with d
= 1.53 nm based on Kuhn
segment length of PMMA
graft chain length NG = 15

Matrix_1

chemistry SAN
(33 wt % AN)
molecular
weight
118,000 g/mol

matrix bead size = 1d, with d =
1.53 nm based on Kuhn
segment length of PMMA
matrix_1 chain length NM1 = 75

Matrix_
2

chemistry
PMMA
molecular
weight 21,000
g/mol

matrix_2 chain length NM2 = 15

grafting density of
chains/d2

= 0.76
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= 0.76 chains/d2 leads to a densely
grafted brush for the chosen particle size of
5d

For the chosen experimental PMMA graft
molecular weight, the number of CG graft
beads needed is 32 (based on the number
of PMMA Kuhn segments) while for the
SAN matrix, the number of CG matrix
beads needed is 150. Since these numbers
are large, for computational feasibility, we
scale the lengths to NG = 15 and NM1 = 75,
keeping the ratio NM1/NG = 150/32 = 4.7 ~
5
The choice of shorter graft length along
with a reduced particle diameter also
ensures that entropic driving forces due to
crowding and curvature (dependent on
Rparticle/Rg,graft ) are similar to those in
experiments

Same as graft chain length in
simulations/theory

Table A.2: Comparison of the experimental compositions in wt % to the chosen grafted
NP volume fraction,

, and matrix_2 volume fraction,

Experimental composition

, in simulations/theory.

Simulation/Theory

PMMA-NP/SAN wt %
5/95

0.039

0

10/90

0.079

0

25/75

0.205

0

5/95/5

0.037

0.043

10/90/5

0.075

0.044

25/75/5

0.195

0.045

PMMA-NP/SAN/PMMA wt %

Based on Table A.2, calculated

values for ternary PMMA-NP/SAN/PMMA PNCs

are slightly different than corresponding binary PMMA-NP/SAN PNCs. Since we do not
expect significant changes in PRISM theory predictions due to minor changes in
values, we use

= 0.039

= 0.079 and

= 0.205 for 5/95/5, 10/90/5 and

25/75/5 ternary PNC cases, respectively, consistent with binary PNC grafted filler
fractions. For similar reasons,

is chosen as 0.043 for the ternary compositions of

10/90/5 and 25/75/5.
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Figure A.12. Brush heights for PNCs with graft-matrix interaction
(effectively attractive graft-matrix_1 interaction),
athermal graft-matrix_1 interaction), and

GM1

GM1

GM1

= 0.2 kT (a)

= 0.1 kT (b) (effectively

= 0.07 kT (c) (effectively repulsive

graft-matrix_1 interaction) plotted as a function of matrix_2 volume fraction,
These results have been obtained using MD simulations for PNCs with
0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, Σ = 0.76 chains/d2 and

GG

=

PGP

M2.

M1M1

=

= 0.01.

Error bars have been obtained from block averages of 4 blocks of 50 configurations
each, sampled in a simulation run.
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Figure A.13. Concentration profiles for matrix_1, M1 (a, b, and c) beads as a function
of distance from the particle surface, r[in units of d] using MD simulations for PNCs
with GM1 = 0.2 kT (a), GM1 = 0.1 kT (b) and GM1 = 0.07 kT (c). Colored lines
represent varying volume fractions of matrix_2 chains with M2 = 0 (black line), M2 =
0.043 (red dashed line), M2 = 0.1 (dark red dotted line) and M2

1 (gray line). The

legend in part (a) applies to all parts in this figure. These results are for GG = M1M1 =
2

0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, Σ = 0.76 chains/d and PGP = 0.01. The
error bars have been obtained from block averages of 4 blocks of 50 configurations
each, sampled in a simulation run.
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Figure A.14. Concentration profiles for graft, G (a, b, and c) and matrix_2, M2 (d, e,
and f) beads as a function of distance from the particle surface, r[in units of d] using
MD simulations for PNCs with GM1 = 0.2 kT (a, d), GM1 = 0.1 kT (b, e) and GM1 =
0.07 kT (c, f). Colored lines represent varying volume fractions of matrix_2 chains
with M2 = 0 (black line), M2 = 0.2 (brown dashed line), M2 = 0.4 (green dotted line),
M2 = 0.6 (navy line), M2 = 0.8 (blue line) and M2

1 (gray line). The legend in part

(a) applies to all parts in this figure. These results are obtained from MD simulations
for GG = M1M1 = 0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, Σ = 0.76 chains/d2 and
PGP = 0.01.
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Figure A.15. Particle-particle pair correlation function, gPP(r), obtained using PRISM
theory for PNCs with PGP = 0.039 (a-c) and, PGP = 0.079 (d-f) with GM1 = 0.2 kT (a,
d), GM1 = 0.1 kT (b, e) and GM1 = 0.07 kT (c, f). Varying matrix_2 volume fractions
are shown using colored lines with M2 = 0 (black line), M2 = 0.2 (brown dashed line),
M2 = 0.4 (green dotted line), M2 = 0.6 (navy line), M2 = 0.8 (blue line) and M2

1

(gray line). These results are for GG = M1M1 = 0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2
= 15, and Σ = 0.76 chains/d2.
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Figure A.16. Particle-particle structure factor, SPP(q) for PNCs with PGP = 0.039 (a-c)
and, PGP = 0.079 (d-f) with GM1 = 0.2 kT (a and d), GM1 = 0.1 kT (b and e) and GM1
= 0.07 kT (c and f). Varying matrix_2 volume fractions are shown using colored lines
with M2 = 0 (black line), M2 = 0.2 (brown dashed line), M2 = 0.4 (green dotted line),
M2 = 0.6 (navy line), M2 = 0.8 (blue line) and M2

1 (gray line). These results are

for GG = M1M1 = 0.1 kT, DP = 5d, NG = 15, NM1 = 75, NM2 = 15, and Σ = 0.76 chains/d2.
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Figure A.17. Graft-graft structure factor, SGG(q) for PNCs with PGP = 0.039 (a-c)
and PGP = 0.079 (d-f) for GM1 = 0.2 kT (a and d), GM1 = 0.1 kT (b and e) and GM1 =
0.07 kT (c and f). Varying matrix_2 volume fractions are shown using colored lines
with M2 = 0 (black line), M2 = 0.043 (red dashed line), M2 = 0.1 (dark red dotted
line) and M2

1 (gray line). The legend in part (a) applies to all parts in this figure.

These results are obtained using PRISM theory for PNCs with GG = M1M1 = 0.1 kT,
DP = 5d, NG = 15, NM1 = 75, NM2 = 15, and Σ = 0.76 chains/d2.
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APPENDIX B
Supplemental Information for Chapter 5

B.1 Nanocomposite Constituents’ Surface Energies

Figure B.1. Surface energy of PMMA-NP and SAN as a function of temperature.1-2

B.2 Atomic Force Microscopy Image Analysis
To complement the autocorrelation functions shown in Figure 5.1, atomic force
microscopy (AFM) line scans were taken at the corresponding annealing temperatures
and time. Figure B.2 shows AFM line profiles before and after annealing at 150°C,
passing through the centers of the grafted NPs. The maxima in the line profile correspond
to the centers of each nanoparticle. The center-to-center maxima values obtained through
the line scans correspond well with the values displayed in Figure 5.1 obtained through
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the autocorrelation functions, with a decrease in interparticle distance with thermal
annealing. While the raw AFM images qualitatively display an increase in surface excess
of the PMMA-grafted NPs, further image analysis has been performed to quantify this as
a function of annealing time. Using ImageJ software, a median filter is created using the
raw AFM image data. In doing so, the noise in the active image is reduced by replacing
each pixel with the median of the neighboring pixel values within some defined radius.
Subsequently, the median filter is subtracted from the original AFM image, resulting in
an image with reduced background noise and more discernable NPs. Following the
background subtraction, the image is converted into a binary black and white image.
Using the “Analyze Particles” function built into ImageJ, the number density of NPs is
calculated. Specifically, the command counts and measures objects in binary images by
scanning the image until it finds an edge of an object. Then, it outlines the object using a
built-in wand tool, calculates the size and area of the object, and resumes scanning until it
reaches the end of the input image. Figure B.3 shows the step-by-step image analysis for
a representative 25/75 wt.% PMMA-NP/SAN film. For each annealing temperature and
time, three different AFM images were obtained, reduced using this procedure, and
averaged to obtain a standard deviation.
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Figure B.2. AFM topography images and corresponding line scan profiles from an (a) ascast and (b) 72 hr 150°C annealed 25/75 wt.% PMMA-NP/SAN film. Two line scans
were taken for each image and averaged to provide an estimated center-to-center
interparticle distance.
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Figure B.3. Step-by-step AFM image analysis procedure for a representative as-cast
25/75 wt.% PMMA-NP/SAN film.

B.3 Sample Preparation for Ultramicrotomy
To prepare the samples for transmission electron microscopy (TEM)
characterization, the spin-coated and annealed PNC films were lifted from their
substrates. To do this, the edges of the substrates were scored with a diamond knife and
then floated on a 1:5 vol% solution of NaOH (50% w/w NaOH) and DI H2O. After lifting
from its substrate, the films were transferred from the liquid-air interface of the NaOH
solution to DI H2O and then onto Teflon®. The specimens were then sandwiched
between two pieces of tape, with an open window on one side to expose the free surface
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of the PNC. Next, the samples were embedded in two-part epoxy. Once the epoxy cured,
~70 - 100 nm cross-sections of the PNCs were prepared by ultramicrotomy (Leica
Ultracut S Ultramicrotome) with a room temperature diamond knife. TEM
characterization of the ultramicrotomed cross-sections, transferred onto carbon-coated
TEM grids, was performed with a JEOL JEM-1400 TEM operated at 120 kV. A
schematic representation of this sample preparation procedure can be seen in Figure B.4.

Figure B.4. Schematic representation of the sample preparation for ultramicrotomy on
the PNC films.
B.4 Grazing-Incidence Rutherford Backscattering Spectrometry Characterization
The PMMA-NP concentration profiles in the SAN matrix was measured by
grazing-incidence Rutherford backscattering spectrometry (GI-RBS). The diffusion
coefficients of the grafted nanoparticles were obtained by fitting the concentration
profiles to a one-dimensional (1-D) solution to Fick’s second law equation for two
mediums in contact that allows for interdiffusion (using an in-house code and opensource python packages3-7). Diffusion coefficients were obtained for multiple annealing
temperatures and times. The GI-RBS raw spectra of counts versus channel were
converted to depth profiles using an additional in-house software. Here, the instrumental
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resolution is captured by a Gaussian function,

, where

nm. The standard deviation is then related to the full width at half maximum (FWHM) by
the following relation:

.
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APPENDIX C
Supplemental Information for Chapter 6

C.1 Atomic Force Microscopy Image Analysis
To complement the autocorrelation functions shown in Figure 6.2b, atomic force
microscopy (AFM) line scans were taken at the corresponding annealing temperatures
and time following the same procedure described in Chapter 5. Figure C.1 shows AFM
line profiles before and after annealing at 170°C and 190°C, passing through the centers
of the grafted NPs. The maxima in the line profile correspond to the centers of each
nanoparticle. The center-to-center maxima values obtained through the line scans
correspond well with the values displayed in Figure 6.6b obtained through the
autocorrelation functions. Additionally, the same image processing method used in
Chapter 5 was utilized in Chapter 6 to extract the PMMA-NP number density as a
function of annealing temperature and time (see Appendix B).
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Figure C.1. AFM line scan profiles from the as-cast (top row), 170°C annealed (middle
row), and 190°C annealed (bottom row) 25/75 wt.% PMMA-NP/SAN films.
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C.2 2-D Random Close Packing Calculation
To compare the experimentally obtained NP surface number densities with the
theoretical maximum, the 2-D random close packing of hard spheres with the same
diameter as the PMMA-NPs is calculated. The pervaded area of a single nanoparticle can
be calculated using eq. C.1
(C.1)
where r = 19 nm as shown previously.1 In two dimensions, the hexagonal packing
arrangement of nanoparticles has the highest possible number density of all the possible
packing arrangements with a packing fraction of

, as demonstrated

in Figure C.2. However, it is has been observed experimentally that the usual packing of
spheres occupies a random close packed (RCP) structure, with a packing fraction of
, as demonstrated in Figure C.3.2 Using the calculated pervaded area of the
grafted nanoparticles and a RCP structure, the theoretical maximum number density of
NPs at the interface is calculated using eq. C.2
(C.2)

120°

Figure C.2. Schematic representation of hexagonally-packed grafted nanoparticles in a 2D plane.
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Figure C.3. Schematic representation of randomly close packed grafted nanoparticles in
a 2-D plane.
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APPENDIX D
Supplemental Information for Chapter 7

D.1 AFM Nanoindentation Analysis

Figure D.1. Atomic force microscopy (AFM) nanoindentation analysis of the surface of a
25/75 wt.% PMMA-NP/SAN film as-cast and annealed at 190°C for 24 hr. (left, right)
Reduced modulus property maps of the as-cast and annealed PNC films, respectively.

Figure D.2. PNC reduced modulus and apparent hardness of the 25/75 wt.% PMMANP/SAN films as a function of the number of indents. Here, the distribution of values
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grows with annealing temperature and time, with the growth of a high modulus and
hardness tail.

D.2 Film Dewetting Theory

Figure D.3. (a) Linear stability analysis for spinodal dewetting of a homogenous film on
a substrate. Capillary waves grow with time when λs is larger than the critical
wavelength, λc. (b) Schematic describing the late stage morphology evolution when
fluctuations in film thickness facilitate film rupture.1–3
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D.3 Grazing-Incidence Rutherford Backscattering Spectrometry Characterization

Figure D.4. Surface excess of PMMA-NPs in 25/75 wt % PMMA-NP/ SAN films
annealed at 150°C, 170°C, and 190°C plotted as a function of the square root of the
annealing time. The solid lines are the best fits of the slopes in the linear growth regime.45
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